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Ceramic On-Demand Extrusion (CODE) is a recently developed freeform 
extrusion fabrication process for producing dense ceramic components from single and 
multiple constituents. In this process, aqueous paste of ceramic particles with a very low 
binder content (<1 vol%) is extruded through a moving nozzle to print each layer 
sequentially. Once one layer is printed, it is surrounded by oil to prevent undesirable 
water evaporation from the perimeters of the part. The oil level is regulated just below the 
topmost layer of the part being fabricated. Infrared radiation is then applied to uniformly 
and partially dry the top layer so that the yield stress of the paste increases to avoid part 
deformation. By repeating the above steps, the part is printed in a layer-wise fashion, 
followed by post-processing. Paste extrusion precision of different extrusion mechanisms 
was compared and analyzed, with an auger extruder determined to be the most suitable 
paste extruder for the CODE system. A novel fabrication system was developed based on 
a motion gantry, auger extruders, and peripheral devices. Sample specimens were then 
produced from 3 mol% yttria stabilized zirconia using this fabrication system, and their 
properties, including density, flexural strength, Young’s modulus, Weibull modulus, 
fracture toughness, and hardness were measured. The results indicated that superior 
mechanical properties were achieved by the CODE process among all the additive 
manufacturing processes. Further development was made on the CODE process to 
fabricate ceramic components that have external/internal features such as overhangs by 
using fugitive support material. Finally, ceramic composites with functionally graded 
materials (FGMs) were fabricated by the CODE process using a dynamic mixing device. 
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 SECTION 
1. INTRODUCTION 
1.1. BACKGROUND AND RESEARCH OBJECTIVES 
Additive Manufacturing (AM) of advanced ceramics has several advantages over 
traditional processing techniques including ease of fabricating geometrically complex 
parts and reduction of manufacturing costs for one-of-a-kind parts or small batches. 
Several AM techniques have been developed to fabricate three-dimensional (3D) ceramic 
components, including binder jetting [1], material extrusion [2]–[6], vat 
photopolymerization [7]–[10], powder bed fusion [11], [12], directed energy deposition 
[13]–[16], etc. All these techniques involve adding ceramic materials layer by layer. A 
comprehensive review of the additive manufacturing of ceramic-based materials was 
recently presented by Travitzky et al. [17].  
Many efforts to additively manufacture ceramic components resulted in parts with 
defects (i.e., flaws or large porosity caused by additive manufacturing). It is well-known 
that the mechanical strength of ceramics is highly dependent on defects due to their 
crack-sensitive nature, and they would be expected to exhibit poor mechanical properties 
even at 80% relative density (e.g., [18]). Although these parts may have remarkable 
geometrical complexity and be suitable for some applications, they are not apt to be used 
where low porosity and excellent mechanical strength is needed, such as structural 
ceramics. In many cases, the mechanical properties of these parts are so poor that they are 
not even reported in papers and technical reports. According to Zocca et al. [19], AM of 
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monolithic ceramics,  pursuing physical and chemical properties that match their 
conventionally manufactured counterparts, is still a challenge and remains the most 
important task that needs to be solved to promote AM of ceramics to more than a niche 
technology. Extrusion-based AM processes are among the most popular approaches for 
freeform fabrication of ceramic parts due to the simplicity and low cost of their 
fabrication system, high density (low porosity) of their fabricated parts, their capability of 
producing components with multiple materials [18] including functionally graded 
materials [20], [21], and the low amount of material wasted during processing. Major 
extrusion-based processes, which are referred to as freeform extrusion fabrication in this 
study include Robocasting (RC) [3], [22]–[25], Extrusion Freeform Fabrication (EFF) 
[26]–[28],  Fused Deposition of Ceramics (FDC) [6], [29], [30], Freeze-Form Extrusion 
Fabrication (FEF) [5], [21], [31], and Thermoplastic 3D Printing (T3DP) [32].  
EFF [27] was the first technique which utilized the extrusion of organic-based 
ceramic slurries to produce 3D ceramic components. Slurries of alumina powders in 
liquid acrylic monomers were prepared and deposited onto a heated substrate to retain 
their shape. The process was further improved to fabricate more complex geometries 
from other materials such as silicon nitride [26]. 
Danforth introduced the concept of FDC [29]. They used a Stratasys (Stratasys 
Inc., Eden Prairie, MN, USA) Fused Deposition Modeling (FDM) system to extrude 
ceramic-loaded thermoplastic filaments. The feedstock filament was liquefied (melt), 
extruded,  deposited and re-solidified by cooling to retain its shape. Since then, they have 
further improved their process and have been capable of producing high-quality 
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components from different materials for various applications, especially sensors and 
actuators [33], [34]. 
RC [3], [35] is a renowned freeform extrusion fabrication process of ceramics. 
The main advantage of RC over EFF, FDC, and T3DP is the use of a lower concentration 
of binder additives in the feedstock (<10 wt% vs. >30 wt%) which simplifies pre-
processing and post-processing. Typically, in this process,  an aqueous suspension from 
ceramic particles (e.g., alumina, zirconia, silicon carbide, and silicon nitride) is prepared 
and extruded on to a heated substrate to dry and retain its shape. RC can produce sparse 
structures such as grid and thin-walls for various applications [36]–[38], especially for 
bio-fabrication [39]–[41]. 
The thermoplastic 3D printing (T3DP) [32] approach proposed by Scheithaue et 
al. combines FDM and RC, where a thermoplastic binder system was used to prepare 
highly loaded feedstocks. The feedstocks were processed in a heatable syringe extruder 
with XYZ positioning. The thermoplastic feedstocks are based on compositions that are 
known from low-pressure injection molding. The liquid feedstock (i.e., suspension) can 
be dispensed via a thin nozzle as nearly endless filament which is similar to FDM and 
robocasting, or be dispensed as droplets by micro-dispensing technology, which allows 
the realization of fine structures with higher dimensional resolution. The heated 
suspension is printed layer by layer. The suspension solidifies upon the deposition due to 
cooling because of the fast heat transfer from the deposited suspension to the underlying 
layer and the surrounding atmosphere. 
In the FEF process [31], a high solids loading (> 50 vol%) aqueous ceramic paste 
containing 1-4 vol% of organic additives is extruded in a freezing environment (< -10 °C) 
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to solidify the paste after being deposited. Freeze drying is then utilized to remove the 
water content, followed by sintering. The FEF process is also capable of producing 
complex and functionally graded material (FGM) parts made of different materials such 
as alumina, zirconium diboride, boron carbide, zirconium carbide, and bio-active glasses 
[21], [42]–[44]. Advanced controls were also implemented to enhance the precision of 
extrusion-on-demand and consistency in paste flow rate [45]–[48]. 
While later extrusion-based additive manufacturing processes have their 
respective advantages, they also have limitations. The binder removal procedures for EFF 
FDC and T3DP required extra time and effort, and sometimes causes defects such as 
warpage and cracks. It might involve multiple cycles of firing with different atmospheres. 
For FDC, the feedstock filament preparation is also burdensome and requires multiple 
steps. The filament must also maintain a very tight tolerance of its diameter (<2% 
variation in diameter) to ensure consistent flow rates [49]. Although parts made of 
multiple materials can be produced, FDC is not capable of mixing them to fabricate 
functionally graded parts. It is difficult for RC to build large solid (non-sparse) parts due 
to the stresses occurred in the non-uniform drying which causes warpage and cracks in 
the parts. Furthermore, due to the presence of air bubbles in the suspension and 
inconsistency in extrudate flow rate, the fabricated parts are not fully dense, and their 
mechanical properties do not match that of parts produced by EFF and FDC. The ice 
crystal formation during the freezing process and weak layer-to-layer bonding in FEF 
reduce the relative density and mechanical properties of the parts after sintering [50]. 
Finally, all these extrusion-based processes suffer from nozzle clogging due to the 
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agglomeration of ceramic particles and binder in the feedstock, and freezing or drying of 
paste inside the nozzle tip. 
To address the above challenges, the Ceramic On-Demand Extrusion (CODE) 
process was proposed [51]–[55]. In this process, viscous suspensions (pastes) [56]–[59] 
of ceramic particles are extruded at controlled flow rates through a nozzle. The nozzle is 
attached to a 3-axis motion stage which is capable of traveling in X, Y and Z directions 
through G & M codes generated from an indigenously developed toolpath planning 
program. The extruded feedstock is deposited on a substrate located in a vat designed to 
hold a fluid medium. Upon the completion of each layer, a liquid feeding device pumps 
the fluid medium (normally light mineral oil) into the vat to surround the layer to 
preclude water evaporation from the sides of the deposited layers. The level of the liquid 
is regulated at a level that is just (~ 2 mm) below the top surface of the part being 
fabricated. Infrared radiation is then applied on top of the part to uniformly dry the 
deposited layer so that the part retains its shape. The part is fabricated layer-by-layer by 
repeating the layered deposition and the controlled layerwise uniform drying. This 
layered uniform radiational drying approach minimizes the water content gradient in the 
fabricated part, mitigates the stresses caused by drying,  and thus enables the CODE 
process to produce crack-free, thick ceramic (minimum wall thickness > 1cm) parts with 
complex geometries [57]–[63]. Once the printing process is completed, the remaining 
water content in the printed part is removed by bulk drying to obtain green parts. The 
green part is then fired to remove the binder content, and sintered at elevated 
temperatures. 
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The current research aims to improve the quality of fabricated components, as 
well as to enhance the CODE's flexibility concerning component geometry and 
constituent distribution. This research attempts to answer four main research questions:  
1) For three typical extrusion mechanisms, namely, a ram extruder, a shutter 
valve-based extruder, and an auger extruder, how to select among them for 
different extrusion-based AM processes, and which one is most suitable 
for the CODE process? 
2) What are the support materials that can be used for freeform extrusion 
fabrication of ceramics? 
3) For fabricating functionally gradient material parts by the CODE process, 
how to address the following challenges: reducing the material transition 
delay, blending multiple materials to high homogeneity, preventing part 
warping and cracking caused by residual stresses during printing and post-
processing? 
4) How will the material grading of ceramic FGMs affect their dimensional 
accuracy? Will smoother material gradients lead to less distortion of the 
final specimens?  
To answer the above research questions, different extrusion techniques were 
investigated, and an auger extruder was chosen for the CODE process to increase the 
precision of material deposition in an attempt to achieve high density of the fabricated 
components. Materials and methods of fabricating components with sacrificial supports 
were investigated to broaden the range of geometries that could be fabricated by this 
process. Methods and apparatus for fabricating composites, specifically, with functionally 
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gradient materials (FGMs) by the CODE process were developed. Al2O3/ZrO2 FGM 
specimens were fabricated using different composition grading steps. The dimensional 
accuracy of the specimens was characterized, and the relation between the material 
grading and distortion were investigated. 
1.2. EXTRUSION-ON-DEMAND 
Freeform extrusion fabrication processes deposit ceramic extrudate layer-by-layer 
through material extrusion. Precise control of the deposition flow rate is required to 
fabricate highly dense parts with complex geometries. Inaccurate extrusion start and stop, 
as well as fluctuations in the extrudate flow rate, lead to the formation of pores in parts, 
which is a common problem in both filament-based and paste-based freeform extrusion 
fabrication processes [3], [37], [39]–[41], [57]. Throughout the layer-by-layer deposition 
process, these defects will accumulate and may eventually cause part failure or reduce the 
strength of the final part, especially for freeform fabrication of brittle ceramic and glass 
materials [4], [39]–[41], [64]–[67].  
Paste extrusion for freeform extrusion fabrication processes is typically 
accomplished with a ram extruder, which is a positive placement extruder and consists of 
a syringe and a plunger. Note that a pneumatic extruder is also used for freeform 
extrusion fabrication. However, since it controls the extrusion flow rate only by 
regulating the air pressure instead of piston velocity, its extrusion accuracy is not 
comparable to a positive displacement extruder [68]. Thus it is not investigated and 
compared to ram extrusion in this study. Based on ram extrusion, several methods 
regulating the extrusion force and plunger velocity have been developed for the Freeze-
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form Extrusion Fabrication (FEF) process.  Zhao et al. (2010) [48] designed an adaptive 
controller with a general tracking control law and implemented it to regulate the 
extrusion force. Deuser et al. (2013)  [47] developed a hybrid force/velocity controller to 
regulate both the steady-state extrusion flow rate using a plunger velocity controller and 
extrusion-on-demand using an extrusion force controller. Oakes et al. (2009)  [69] 
developed a dwell technique and a look-forward technique to compensate for the delay of 
extrusion start and stop for improving Extrusion-On-Demand (EOD) performance.  
Zomorodi and Landers (2016) [46] developed a hierarchical model-based predictive 
control algorithm to systematically perform hybrid force-velocity control to extrude paste 
and draw consistent lines. 
The previous efforts to develop ram extruder based extrusion methods have 
improved the EOD performance considerably. However, the experimental results still 
showed that the paste extrusion performance varied from batch to batch due to variations 
in the paste properties. Thus, the control model parameters had to be re-tuned for each 
batch of paste. Also, for the same batch of paste being extruded using a constant plunger 
velocity, under-filling and over-filling of material were observed, indicating that the paste 
flow rate was inconsistent. The paste flow rate inconsistency for a constant plunger 
velocity is evidence of the inhomogeneity of the paste properties. Therefore, a more 
robust EOD method is required [70], [71]. 
1.3. FREEFORM EXTRUSION FABRICATION OF OVERHANGING FEATURES 
The self-supporting capacity of the ceramics pastes allows for the fabrication of 
porous structures and some complex shapes without requiring the use of molds or 
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sacrificial support materials. However, as also occurs in other AM processes, under 
certain circumstances, e.g., creating large overhanging features, it is unavoidable to use a 
secondary support structure. In these cases, algorithms for calculating the support 
structure pattern and hardware allowing for the alternate printing of the two materials are 
needed. And, most importantly, a suitable secondary extrudable fugitive material is 
required. The support material extrudate must meet the typical requirements for a 
freeform extrusion fabrication pastes, namely, it must maintain its shape even under the 
load of overlying layers and be able to be extruded through fine deposition nozzles 
without clogging. Additionally, this support material must be chemically compatible with 
the colloidal paste of the main material, and easily removable in the post-processing 
steps, leaving no byproducts after removal. Finally, since these feedstocks are intended to 
be removed, it is preferable to formulate them from inexpensive materials, and they 
should be easy to prepare.  Freeform extrusion fabrication of polymers, i.e., fused 
deposition modeling, has been applied in various fields, where complex geometries can 
be fabricated by using their well-developed support material systems [72]–[75]. 
However, very few studies can be found on investigating the self-supporting ability of 
ceramics extrudates and the development of support material systems for ceramics. A 
suitable solution has been proposed by Leu and Garcia [3] for the FEF process, where 10 
vol. % methylcellulose and 90 vol. % water was mixed to form an extrudable support 
material. The methylcellulose solution worked well in subzero temperature in the FEF 
process [3]. However, it turned out to be unsuitable for a room temperature environment 
in the CODE process since the deposited solution can’t be stiffened at room temperature, 
and was dragged by the moving nozzle.  
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1.4. FREEFORM EXTRUSION FABRICATION OF FUNCTIONALLY GRADED 
MATERIALS 
Functionally graded materials (FGMs) are characterized by gradual changes in 
material compositions or structures over volumes. In recent years, a significant amount of 
research activity has taken place in FGM fabrication due to the promising potential of 
FGMs in many applications. It is generally understood that FGMs could bring 
unprecedented material design flexibility by allowing for localized performance 
optimization and a combination of properties not achievable in regular materials [76]–
[79]. Conventional methods of fabricating FGMs are often subject to serious limitations 
on types of gradients and component geometries that can be created. Both issues are even 
more critical to ceramic-based FGMs, as ceramics are difficult to process with the use of 
traditional ceramic shaping technologies. Once ceramic FGMs are fabricated via pressing 
and sintering methods, it is almost impossible to perform secondary processes with them. 
Additive manufacturing (AM) could provide a feasible alternative in the fabrication of 
stepwise FGMs with maximum geometric flexibility. AM enables digital model-driven 
direct fabrication of structures on a voxel-to-voxel basis, therefore allowing for localized 
material compositional adjustment in principle [80]. Paste extrusion and ink jetting are 
the only feasible deposition methods for fabricating ceramic-based FGMs as the melting 
temperatures of ceramics are usually too high for thermal-based melt deposition [80]. The 
ink jetting-based AM processes are subject to high porosity (low density) due to the low 
solids loading, high binder concentration of the ink. Overall, freeform extrusion 
fabrication is the most favorable AM process for fabricating highly dense FGM 
components.  
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Alumina/zirconia (Al2O3/ZrO2) FGM components have been of great interest, 
mainly to enhance the tensile strength and fracture toughness through the incorporation of 
the ZrO2 phase. One practical application is the prosthetic hip joint ball, where the FGM 
realizes the transition from the tough ZrO2 core, which provides the high strength of the 
joint structure, to the wear-resistance of the Al2O3 surface layer, which guarantees long 
service life [81], [82]. Because of the distinct sintering behavior and coefficient of 
thermal expansion (CTE) mismatch between alumina and zirconia, cracks and camber 
were present in many Al2O3/ZrO2 composite specimens after processing as evident in the 
many studies [83]–[87]. Hillman et al. [85] found that sintering shrinkage mismatch 
results in cracks with large opening displacement (>30 µm), while thermal expansion 
mismatch causes cracks with a small opening displacement (<2 µm). To minimize the 
thermal stress, a large difference in thermal expansion characteristics, i.e., the material 
composition of adjacent layers, should be avoided. However, previous studies only 
investigated laminar FGM with large material composition steps, i.e., the low resolution 
of material composition variation. The interlayer steps used in laminated FGMs found 
from the literature ranged from 5-50 vol%, and the total number of layers was less than 
10 when using finer (5%-10%) resolutions [82], [88]–[90]. The resolution and number of 
layers are probably limited by the redundant powder stacking or tape casting process, 
which requires a premixed feedstock with different a material composition for every 
distinct layer. Hence higher resolution will require increasing the number of premixed 
feedstocks and thus intensive workload. However, fine (<10%) material composition 
resolution can be readily achieved by freeform extrusion fabrication process. This opens 
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an opportunity to fabricate Al2O3/ZrO2 FGM with lower residual stresses and investigate 
the effect of fine material grading step on the dimensional accuracy of the FGM part.   
The first 3D ceramic FGM specimen was presented by Leu and Deuser [20] in 
2012 using the FEF process, where Al2O3 and ZrO2 were used as the constituents. A static 
mixer was used to blend the two constituents before they were deposited through the 
nozzle. Only relatively simple geometries were fabricated with a very rough material 
grading step (25 vol% per step). The large step in material composition was very likely to 
create large residual stresses during the sintering process, which may result in severe 
deformation or even cracking.  However, the behavior of the FGM specimens in the 
sintering process was not presented in Leu and Deuser’s work. An active mixing 
mechanism is desirable to blend the materials to produce homogeneous mixtures more 
efficiently than using a static mixer. Moreover, the deformation of the FGM specimens in 
the sintering process needs to be studied. 
1.5. ORGANIZATION OF THE DISSERTATION 
The background of this research was first presented in the introduction section, 
where a survey of existing research on freeform extrusion fabrication of ceramics was 
given. Based on the background, the study of this thesis was proposed with the main 
research objectives listed.  Four published papers addressing the research objectives were 
included in this thesis. 
The first paper investigated three EOD methods based on ram extruder, shutter 
valve, and auger extruder for extrusion of high solids loading (>50 vol.%) aqueous 
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ceramic pastes [71]. The extrusion precision of the three methods in terms of start and 
stop accuracy, as well as flow rate consistency, are compared and analyzed. 
In the second paper, 3 mol% Y2O3 stabilized zirconia (3YSZ) specimens were 
fabricated using the CODE process [59]. Mechanical properties including density, 
Young’s modulus, flexural strength, Weibull modulus, fracture toughness, and Vickers 
hardness of the sintered specimens were examined using ASTM standard test techniques. 
The grain size was measured using scanning electron microscopy. 
The third paper focused on fabricating ceramic components that had 
external/internal features such as overhangs, bridges, and thus could not be fabricated 
without the use of support structures [63], [91]. The minimum angle of a slanted surface 
that can be fabricated using Al2O3 (alumina) paste without the need for a support 
structure was first determined. CaCO3 was identified for building support structures, 
which decomposed during the sintering process and was then dissolved in water or acid. 
Sample parts were fabricated and evaluated to demonstrate the effectiveness of the 
sacrificial material as well as CODE’s capability of fabricating geometrically complex 
parts. 
In the fourth paper, a dynamic mixing mechanism was developed for mixing 
constituent ceramic pastes. FGM specimens with compositions graded between Al2O3 
and ZrO2 were fabricated and eventually densified by sintering [92]. Energy dispersive 
spectroscopy was used to compare final material compositions to the original material 
designs. The hardness at different locations on the specimens along the gradients was 
examined by micro-indentation tests. The dimensions of sintered specimens were 
measured, and the effects of material composition gradients on the distortion of sintered 
 14 
FGM specimens were analyzed. A conclusion section is presented after the four papers to 
summarize the study of this thesis, and the recommendations for future work are given in 




I. EXTRUSION-ON-DEMAND METHODS FOR HIGH SOLIDS LOADING 
CERAMIC PASTE IN FREEFORM EXTRUSION FABRICATION 
ABSTRACT 
Fabrication of highly dense ceramic parts with complex geometries by paste 
extrusion-based solid freeform fabrication processes require precise control of the 
extrusion start and stop to dispense material on demand, which is often referred to as 
extrusion-on-demand (EOD). The EOD process for high solids loading pastes is difficult 
to control due to the paste’s non-Newtonian behavior, compressibility, and 
inhomogeneity. In this study, three EOD methods based on ram extruder, shutter valve, 
and auger extruder are investigated for extrusion of high solids loading (>50 vol.%) 
aqueous ceramic pastes. The extrusion performance characteristics of the three methods 
in terms of start and stop accuracy, as well as flow rate consistency, are compared and 
analyzed. The results indicate that the auger extruder-based extrusion method has 
superior EOD performance and the highest flow rate consistency. Test parts were printed 




Freeform extrusion fabrication processes such as Robocasting [1]–[5], Contour 
Crafting [6]–[8], Fused Deposition of Ceramics [9]–[11], Freeze-Form Extrusion 
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Fabrication [12]–[14], Thermoplastic 3D Printing [15], and Ceramic On-Demand 
Extrusion [16] deposit ceramic extrudate layer-by-layer through extrusion. Precise 
control of the deposition flow rate is required to fabricate highly dense parts with 
complex geometries. Inaccurate extrusion start and stop, as well as fluctuations in the 
extrudate flow rate, lead to the formation of pores in parts, which is a common problem 
in both filament-based and paste-based freeform extrusion fabrication processes [9], [10], 
[14], [15]. Throughout the layer-by-layer deposition process, these defects will 
accumulate and may eventually cause part failure or reduce the strength of the final part, 
especially for freeform fabrication of brittle ceramic and glass materials [17]–[20].  
Paste extrusion for freeform extrusion fabrication processes is typically 
accomplished with a ram extruder, which is a positive placement extruder and consists of 
a syringe and a plunger. Note that a pneumatic extruder is also used for freeform 
extrusion fabrication. However, since it controls the extrusion flow rate only by 
regulating the air pressure instead of piston velocity, its extrusion accuracy is not 
comparable to a positive displacement extruder [21]. Thus it is not investigated and 
compared to ram extrusion in this study. Based on ram extrusion, several methods 
regulating the extrusion force and plunger velocity have been developed for the Freeze-
form Extrusion Fabrication (FEF) process. Zhao et al. (2010) [22] designed an adaptive 
controller with a general tracking control law and implemented it to regulate the 
extrusion force. Deuser et al. (2013) [23] developed a hybrid force/velocity controller to 
regulate both the steady-state extrusion flow rate using a plunger velocity controller and 
extrusion-on-demand using an extrusion force controller. Oakes et al. (2009) [24] 
developed a dwell technique and a look-forward technique to compensate for the delay of 
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extrusion start and stop for improving Extrusion-On-Demand (EOD) performance. 
Zomorodi and Landers (2016) [25] developed a hierarchical model-based predictive 
control algorithm to systematically perform hybrid force-velocity control to extrude paste 
and draw consistent lines. 
The previous efforts to develop ram extruder based extrusion methods have 
improved the EOD performance considerably. However, the experimental results still 
showed that the paste extrusion performance varied from batch to batch due to variations 
in the paste properties. Thus, the control model parameters had to be re-tuned for each 
batch of paste. Also, for the same batch of paste being extruded using a constant plunger 
velocity, under-filling and over-filling of material were observed, indicating that the paste 
flow rate was inconsistent. The paste flow rate inconsistency for a constant plunger 
velocity is evidence of the inhomogeneity of the paste properties. Therefore, a more 
robust EOD method is required. 
In this paper, two extrusion mechanisms, i.e., shutter valve and auger extruder, 
which have been utilized in the dispensing industry [26], are investigated in comparison 
with ram extrusion for the freeform extrusion fabrication of ceramics. Extrusion 
performance characteristics in terms of start and stop accuracy, as well as flow rate 
consistency, are analyzed and compared for these three different EOD methods. Solid 
parts are also printed using the three EOD methods, and their properties are compared. 
Advantages and drawbacks of these three methods are discussed. 
This study focuses on materials that are highly viscous, compressible and 
inhomogeneous. This type of materials is very common in paste/slurry based freeform 
extrusion fabrication. Since many researchers are working on freeform extrusion 
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fabrication and are facing the challenge of precise extrusion [15], [25], [27], it is of prime 
importance to study the extrusion of this particular type of material. While previous 
efforts on improving extrusion precision in freeform extrusion fabrication are all based on 
refining the control model of ram extrusion [22]–[25], [28], the present paper introduces 
a way of improving extrusion precision by comparing different paste extrusion 
mechanisms and using a proper control scheme for each mechanism. In addition, 
although the shutter valve and the auger extruder are described as having high dosing 
accuracy by their suppliers, no rigorous studies investigating their EOD performance and 
their flow rate consistency, especially for highly viscous, inhomogeneous materials, 
could be found. 
 
2. CHALLENGES OF EXTRUSION-ON-DEMAND FOR HIGH SOLIDS 
LOADING PASTE 
 
A schematic along with a photograph of the paste extrusion based material 
deposition is shown in Figure 1(a), where the machine used can be found in a previous 
article [22]. Li et al. (2013) [28] modeled the extrusion process by characterizing the 
ceramic paste viscosity using a modified Herschel–Bulkley model [31]. The steady-state 
relationship between the plunger velocity and the extrusion force was developed based on 
that viscosity model and the Navier–Stokes equation [32]. For pastes with different 
properties, the steady-state extrusion forces for the same plunger velocity were shown to 
be different. The influence of air in the paste was also examined. By regulating the 
plunger velocity using a general tracking controller [22], the plunger velocity reached its 
steady state very quickly (typically about 1 s). However, the extrusion force responded 
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slowly, reaching a steady-state value in several hundred seconds. Therefore, it took a long 
time to reach the steady-state extrudate velocity, i.e., steady-state paste flow rate. It was 
concluded that the large settling times of the extrusion force and extrudate velocity were 
mainly due to the air trapped in the paste [28], [29]. It should be noted that for a high 
solids loading paste, the degassing process in paste preparation is difficult due to the 
paste’s high viscosity.  
 
 
Figure 1. (a) Schematic of paste extrusion based material deposition, and (b) Schematic 
showing print flaws due to inaccurate extrusion start and stop, where the dashed lines 
indicate desired extrudate shapes and locations. 
 
The hybrid force-velocity controller developed by Deuser et al. (2013) [23] was 
able to obtain a fast dynamic response of the extrusion force (typically with the settling 
time between 0.8 and 1.6 s) for the start and stop of extrusion using the extrusion force 
control. During the steady-state extrusion, the controller used the plunger velocity 
control. The dwell technique and the look-forward technique [24] were developed to 
compensate for the time delay in extrusion start and extrusion stop, respectively. These 
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techniques improved EOD performance considerably. However, the process parameters 
using a ram extruder must be tuned separately for different batches of paste to achieve 
high performance since different pastes have different rheological properties. Improper 
values of extrusion parameters will cause inaccurate extrusion start and stop, resulting in 
printing flaws. The white regions in Figure 1(b) are the actual printed lines, and the dash 
rounded rectangles represent the desired shapes and locations of printed lines. Excessive 
material extruded at the start of printing causes a large ‘head’ of the printed line, which 
will be termed ‘head effect.’ Ineffective stop of extrusion leaves a ‘tail’ at the end of the 
printed line, which will be termed ‘tail effect.’ The head and tail effects are shown in the 
upper image of Figure 1(b). The lower image in Figure 1(b) shows a printed line not 
deposited accurately at the desired location due to extrusion time delay, which will be 
termed ‘location offset.’ 
Moreover, due to the paste’s high solids loading, it is difficult to disperse the 
binder homogeneously during the paste preparation process and thus agglomerates form, 
causing paste inhomogeneity. Under-filling and over-filling of material were observed 
under constant velocity printing conditions, indicating inconsistent paste flow rate and 
providing evidence for paste inhomogeneity. Since the inhomogeneity of paste properties 
causes unpredictable disturbances to the ram extrusion process, we consider two other 
extrusion mechanisms, namely the shutter valve and the auger extruder, in this paper to 
improve EOD performance for the extrusion of high solids loading pastes, which are 




3. DIFFERENT EXTRUSION METHODS 
 
The paste extrusion process has two distinct phases: steady-state and transient. 
Steady-state extrusion occurs when a continuous filament is being printed at a constant 
extrusion rate. Transient extrusion occurs when the flow rate is changing, usually during 
the start and stop of extrusion. Both phases will be analyzed for each of the three 
extrusion methods. An overall description of the three extrusion mechanisms will be 
given below first. 
3.1. OVERALL DESCRIPTION OF THE THREE EXTRUSION MECHANISMS 
The ram extruder mechanism in Figure 2(a) consists of a ram-driven plunger and 
a syringe. The paste flow is regulated by controlling the plunger movement. It starts (or 
stops) extrusion by generating (or releasing) force on the plunger. Ram extruders are a 
widely used apparatus for paste extrusion [26], [33]. A shutter valve extrusion 
mechanism shown in Figure 2(b) has a plunger and syringe similar to the ram extruder 
mechanism, except that a shutter needle is added to the flow path as a valve. The shutter 
needle tip is close to the extrudate outlet. The needle is lifted or pressed down by an 
operating force, resulting in the opening and closing of the flow path. The extrusion flow 
rate is controlled by the plunger velocity or the force applied to the plunger, while the 
start and stop of extrusion are controlled by the motion of the shutter needle. Shutter 
valves are widely used in dispensing fluids such as solder paste, conductive epoxy, and 
adhesive for surface mounting and semiconductor packaging [26], [34]. The auger 
extruder mechanism shown in Figure 2(c) also uses a syringe; however, the pressure is 
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preloaded to the syringe by compressed air. This preloaded pressure is used for delivering 
the paste to the auger chamber, rather than for extrusion. Extrusion is achieved by 
rotating the auger using a servo motor. The flow rate is regulated by controlling the 
auger’s angular velocity. The paste flow is stopped by stopping the auger rotation.  
 
 
Figure 2. Schematic of three extrusion mechanisms: (a) Ram extruder (b) Shutter valve 
based extruder [27] (c) Auger extruder (EFD Inc. 2003, ViscoTec Inc. 2014). 
 
Other extrusion mechanisms that work similarly to auger extruders are 
collectively referred to as ‘progressive cavity pumps,’ and they are also often referred to 
as auger pump, screw pump, etc. Auger/screw mechanisms are usually used in fluid 
dispensing when extra precision or an unlimited feedstock is needed [26], such as in 
micro-dosing and injection molding processes [35]. They are also used for powder 
deposition and metering [36] and have been used in extruding copper paste [27] and 
sulfur concrete [6] in solid freeform fabrication.  However, no rigorous studies 
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investigating the auger extruder’s EOD performance and flow rate consistency for 
inhomogeneous materials could be found. The auger extruder (eco-PEN 300, ViscoTec 
America Inc., Kennesaw, GA) used in this study consists of a helix metal rotor and an 
elastomeric stator. Several sealed cavities are formed between the rotor and stator, and 
they progress down or up when the rotor is turned, as shown in Figure 2(c). Each cavity 
has a known volume so that the specific volume extruded with each rotation can be 
determined. This type of auger extruder with a sealing stator is designed for precise 
micro-dispensing. Auger mechanisms which do not have sealing stators, such as large-
scale screw extruders for plastic injection molding, are not included in the present study. 
3.2. RAM EXTRUDER-BASED METHOD 
For the ram extruder, the paste flow rate and the start and stop of extrusion are 
controlled by the plunger velocity and the force exerted by the plunger on the paste 
material. A general tracking controller has been developed and implemented to regulate 
the extrusion force and velocity [23]. Based on this controller, a hybrid extrusion 
force/velocity control was developed, which includes a plunger velocity control used to 
ensure a steady extrusion flow rate, and an extrusion force control to regulate the 
extrusion start and stop. The extrusion force control has a much shorter time constant 
than the plunger velocity control, and the hybrid control scheme switches from velocity 
control to force control when extrusion start or stop occurs. 
The time constant of extrusion force control, although is shorter than that of the 
plunger velocity control, causes a delay at the start and stop of extrusion. Thus 
compensation is needed to start and stop extrusion accurately. A schematic of the ram 
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extruder based method is shown in Figure 3. To start extrusion, the gantry remains 
stationary, i.e., dwelling for a short period after the force control is activated [24]. The 
amount of this waiting time is called the start dwell time and is denoted τ (refer to Figure 
3). To stop extrusion, the force control begins to decrease the extrusion force before the 
extrusion nozzle reaches the end of the deposition path. The distance between the point 
where the extrusion force starts to decrease, and the desired end of the filament is called 
the early stop distance and is denoted d (refer to Figure 3).  
 
 
Figure 3. Schematic of ram extruder based method. 
 
As discussed in the previous section, extrusion start and stop delays are caused by 
paste compressibility due to the inevitable existence of air [29], [30]. The larger the 
volume of paste being compressed and decompressed during the extrusion start and stop 
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process, the longer the time delay will be. As can be seen in Figure 2(a), the amount of 
paste being compressed in the ram extruder is the volume of the entire syringe, 
represented by the blue region in Figure 2(a), and is called the ‘operation volume’ in this 
paper. The large operation volume (~ 55 ml when the syringe in this study is full) of the 
ram extruder is the main reason for its less than satisfactory EOD performance. 
3.3. SHUTTER VALVE BASED METHOD 
Unlike the ram extruder based method, the start and stop of extrusion in the 
shutter valve based method are controlled by the shutter, which opens and closes the flow 
path. The hybrid extrusion force/velocity control described above is again implemented; 
however, the control scheme is adjusted as follows. After the flow path is closed by the 
shutter, instead of decreasing the force exerted on the plunger, the controller switches 
from the plunger velocity control mode to the extrusion force control mode to maintain 
the extrusion force so that the extrusion can be started instantaneously in the next start. It 
should be noted that during the extrusion start and stop, the paste in the syringe is 
compressed but is never decompressed; only the paste in the flow path from the shutter to 
the material outlet will be compressed and decompressed. Then, the controller switches 
back to the plunger velocity control mode for steady-state extrusion after the flow path is 
opened in the next operation. For steady-state extrusion, this method is identical to the 
ram extruder based method.  
By using this method, since the extrusion stop is controlled by directly block the 
flow path, a very fast stop is expected. On the other hand, the volume of paste being 
compressed and decompressed during the extrusion start and stop, i.e., the operation 
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volume, is the volume of the flow path from the shutter to the material outlet, which is 
represented by the purple region in Figure 2(b). Since the operation volume (~ 0.2 ml for 
the shutter valve used in this study) is much smaller than that in the ram extruder based 
method, a much faster extrusion start is anticipated.  
However, the time delay caused by the actuator such as the pneumatic shutter is 
inevitable and may not be negligible. To compensate for any delay of extrusion force and, 
thus of paste flow rate, the start dwell (τ) and early stop (d) strategies are still used in the 
shutter valve based method. 
3.4. AUGER EXTRUDER BASED METHOD 
When using an auger for paste extrusion, the paste flow rate is proportional to the 
auger’s angular velocity. By maintaining a constant rotation speed of the motor that 
drives the auger, a constant extrusion flow rate is obtained. The start and stop of 
extrusion are achieved by turning the motor on and off. The syringe here is only for 
material storage and delivery; the paste material is only extruded by the auger in the 
auger chamber. Thus, by using the auger extruder based method, the operation volume 
during the extrusion start and stop is the volume from the auger chamber to the material 
outlet, which is represented by the red region in Figure 2(c). Since the operation volume 
(~ 0.1 ml for the auger extruder used in this study) is much smaller than that of the ram 
extruder based method, a much faster extrusion start and stop is anticipated. Again, in 
order to compensate for any time delay, the start dwell (τ) and early stop (d) strategies are 
also used in this method.  
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For a compressible paste, due to the paste inhomogeneity, the steady-state 
extrusion force changes during extrusion. For example, the steady-state extrusion force 
will decrease when a thinner portion of the paste is approaching the nozzle tip and being 
extruded out; it will increase when a thicker portion or a portion with some large 
agglomerates is coming out. In other words, the inhomogeneity of the paste properties 
brings disturbances to the steady-state extrusion process and introduces a transient phase, 
which is the cause of paste flow rate fluctuation observed when using the ram extruder 
based method. An effective way to alleviate the fluctuation is to have faster responses to 
these disturbances so that the system reaches its new steady state quickly once a 
disturbance is present. 
A significant difference between the auger extruder based method and the other 
two methods is in the steady-state extrusion phase. The ram extruder and shutter valve 
based methods have large operation volumes during the steady-state extrusion (~ 50 ml, 
represented by the blue area in Figure 2(a), and dark grey area plus purple area in Figure 
2(b), respectively), resulting in a slow dynamic response of the extrudate velocity and the 
slow fluctuation of paste flow rate when the corresponding steady-state extrusion force 
changes. Since the operation volume of the auger valve (represented by the red area in 
Figure 2(c)) is much smaller (~ 0.1 ml vs. ~50 ml), the dynamic response of extrudate 
velocity is much faster as compared to the other two methods. Therefore, a better flow 
rate consistency, i.e., less flow rate fluctuation, is expected by using this method 
compared to using the other two methods. 
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4. PASTE EXTRUSION EXPERIMENTS 
 
In most extrusion-based freeform fabrication processes, the extrusion start and 
stop accuracy and flow rate consistency are the most important criteria for extrusion 
performance. Printing dash lines is an effective way to evaluate the extrusion start and 
stop accuracy, and printing continuous lines is an effective way to evaluate the paste flow 
rate consistency.  
4.1. PASTE PREPARATION 
The paste used in the extrusion experiments contained Al2O3 powder, DARVAN® 
C (Ammonium polymethacrylate, Vanderbilt Minerals LLC, Gouverneur, NY), Methocel 
(Methylcellulose, Dow Chemical Company, Pevely, MO) and deionized (DI) water. The 
Al2O3 powder, DARVAN® C and DI water were first mixed and ball-milled for 15 h to 
form a uniform slurry. DARVAN® C was used as a dispersant to balance the Van Der 
Waals forces between particles. The slurry was then heated up to 70°C and with 
Methocel dispersed in the slurry agitated by mechanical stirring for 10 min. Then, the 
slurry was cooled down to room temperature to form the paste. Mechanical stirring was 
also applied during the cooling down process. Methocel was used as a binder to increase 
paste viscosity and to assist in forming a stronger green body after drying [37]. Lastly, a 
vacuum mixer (Model F, Whip Mix Corp., Louisville, KY) was turned on for 10 min to 
remove air bubbles in the paste. 
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4.2. DASH LINE PRINTING 
Dash line printing tests were conducted for the three extrusion methods described 
above. Location offset, tail effect, and head effect in printing dash lines are quantitative 
measures of the accuracy of extrusion start and stop. Three groups of dash line printing 
tests with different extrusion conditions listed in Table 1 were conducted. The reference 
paste flow rate, table speed, and layer thickness were identical for the three extrusion 
methods in each group. Optimal extrusion parameters for each EOD method including 
start dwell (τ) and early stop distance (d) were experimentally calibrated for Group 1, i.e., 
for 610 μm diameter nozzle and 60% solids loading paste. The extrusion parameters were 
calibrated by printing five dash line segments, changing τ by 10 ms and d by 0.1 mm and 
repeat the printing tries until the best start and stop performance characteristics, i.e., 
having the least head and tail effects and location offset, were achieved. Table 2 lists the 
values of the obtained τ and d values. Then, the same values of τ and d were applied to 
Groups 2 and 3 in conducting dash line printing tests. The test results of Group 1 and 
Group 2 were compared to examine the effects of changing nozzle diameter; the results 
of Group 1 and Group 3 were compared to examine the effects of changing paste solids 
loading. 
 
Table 1. Extrusion conditions of three groups of dash line printing tests 
 Group 1 Group 2 Group 3 
Nozzle Diameter(μm) 610 406 610 
Paste Solids Loading 60% 60% 50% 
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Table 2. Calibrated extrusion parameters for 610 μm diameter nozzle and 60% solids 
loading paste 
Extrusion Conditions 
Calibrated Extrusion Parameters 
τ(ms) d (mm) 
Ram extruder 450 1.9 
Shutter valve 70 0.3 
Auger extruder 0 0 
 
4.3. CONTINUOUS LINE PRINTING 
A set of continuous line printing tests were conducted, and line width consistency 
was examined. A special cap was added to the nozzle tip to ensure consistent filament 
height by restricting the height of the deposited paste. The normal and modified nozzles, 
as well as their printing schematics, are shown in Figure 4. The filament height (h) was 
restricted to 150 μm. The reference plunger velocity for the ram extruder was 5 μm/s, 
which corresponds to a paste flow rate of 0.198 ml/min, and the table speed was set to 
660 mm/min, which is a typical speed for this fabrication process. The filament height 
was set to 150 μm, which is smaller than the typical value of 450 μm, to obtain a larger 
nominal filament width and to reduce the filament width measuring error. By 
approximating the filament’s cross-section geometry as a rectangle rounded at the two 
ends, as shown in Figure 4, the nominal filament width (w) of 2.02 mm was calculated. 
As discussed in the previous section, the ram extruder based method and the 
shutter valve based method are essentially the same for continuous line printing (i.e., 
steady-state extrusion).  Hence, the three extrusion methods were divided into two 
categories for the continuous line printing tests: the ram extruder/shutter valve based 
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method and the auger extruder based method. The shutter valve based method was 
chosen to represent the ram extruder/shutter valve category in this experiment. Under 
these two categories, four groups of dash line printing tests with the experimental 
conditions listed in Table 3 were conducted. Each group of tests was performed by 
printing five continuous serpentine lines using the same batch of 60% solids loading 
paste. Images of the continuous lines were taken, and the filament widths at 350 random 
sampling points were measured by an image processing software (ImageJ, National 
Institute of Health). The quality of the printed filament was evaluated statistically. 
 
 
Figure 4. Normal nozzle (left) and nozzle with cap (right) and their printing schematics. 
  
Table 3. Experimental conditions of the four groups of continuous line printing tests 
 Group 1 Group 2 Group 3 Group 4 
Nozzle Diameter (μm) 610 406 610 406 










4.4. SOLID PART PRINTING 
In addition to the above line printing experiments, solid parts were fabricated in 
order to further examine the extrusion start and stop performance and flow rate 
consistency for the three EOD methods. Printing solid parts is less forgiving to material 
under-filling and over-filling compared to printing sparse-build parts such as scaffolds. 
When a solid part is printed, under-fillings will result in undesired pores, while over-
fillings will result in accumulation of extra material and eventually the deposited material 
will interfere with the nozzle. Since the ram extruder based method and the shutter valve 
based method are essentially the same for continuous printing, only the shutter valve 
based method was chosen to compare with the auger extruder based method in the 
fabrication of solid parts. 
Blocks with dimensions of 30×15×4 mm3 were fabricated using the shutter valve 
and auger extruder based methods with the same gantry, same batch of paste, and 
identical process parameters which include paste flow rate: 280 μL/min, raster width: 600 
μm, layer thickness: 400 μm, table speed: 21 mm/s, and nozzle diameter: 610 μm. Note 
that the reference plunger velocity of the shutter valve group was calculated from the 
reference paste flow rate, and the actual mean extrusion flow rate of the auger extruder 
based methods was calibrated to be close to the reference flow rate (280 μL/min) with 
less than 0.5% error before the experiment. Also, the parts were dried and sintered under 
the same conditions: 25 °C and 75% relative humidity for 20 h to dry the parts, and 
1550 °C for 1.5 h to sinter them. The densities of the sintered blocks were measured by 
Archimedes’ method [38].   
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5. RESULTS AND DISCUSSION 
5.1. ACCURACY OF EXTRUSION START AND STOP  
The results of the dashed line printing experiments were compared for the three 
extrusion methods. In Figures 5 and 6, all the dash lines were printed from right to left, 
and the dashed and solid vertical lines at the two ends represent the desired start and stop 
points of lines segments, respectively. As shown in Table 2, the values of start dwell time 
(τ) and early stop distance (d) in the shutter valve and auger extruder based methods are 
smaller than those for the ram extruder based method, indicating a faster start and stop, 
which validates the anticipation depicted in sections 3.2 and 3.3. The calibrated start 
dwell time (τ) and early stop distance (d) for the shutter valve based method were 
expected to be zero since the operation volume of shutter valve was negligible compared 
to that of the ram extruder (0.2 ml vs. 55 ml). However, the obtained τ and d for the 
shutter valve based method are 70 ms and 0.3 mm, respectively. This non-negligible time 
delay is due to the pneumatic actuator of the shutter needle. Moreover, by examining 
Figures 5 and 6, which contain the dash line segments printed by the shutter valve and 
auger extruder based methods, we observe sharper tails than those by the ram extruder 
based method, indicating more effective extrusion. By further examining Figure 5, the 
dash line segments printed by the ram extruder method can be seen to have considerably 
larger location offset when the nozzle diameter changes from 610 (left) to 406 μm (right), 
indicating the 406 μm diameter nozzle performs worse than the 610 μm diameter nozzle. 
Figure 6 shows the dash line segments printed by the ram extruder based method have 
relatively larger heads when the paste solids loading changes from 60% to 50%, 
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indicating the 50% solids loading paste performs worse than the 60% solids loading 
paste. In contrast, the line segments printed by the shutter valve and auger extruder based 
methods kept consistent accuracy when changing the nozzle diameter and paste solids 
loading. Finally, the optimal extrusion process parameters for the ram extruder based 
method were experimentally calibrated for Groups 2 and 3, and the results are given in 
Table 4. It can be seen in this table that the values of the optimal extrusion parameters 
vary considerably with the change of nozzle diameter and paste solids loading.  
 







Calibrated Extrusion Parameters 
τ(ms) d (mm) 
1 610 60% 450 1.9 
2 406 60% 650 (44%)* 2.2 (16%) 
3 610 50% 300 (-33%) 1.3 (-32%) 
* The numbers in parentheses are the percentage of the parameter variations as compared to the 




Figure 5. Dash line printing results for 610 μm diameter nozzle (left) and 406 μm 
diameter nozzle (right), with a paste solids loading of 60%. 
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Figure 6. Dash line printing results for 60% solids loading paste (left) and 50% solids 
loading paste (right), with a nozzle diameter of 610 μm. 
 
5.2. CONSISTENCY OF EXTRUDATE FLOW RATE  
As discussed in section 3.3, the ram extruder based method and the shutter valve 
based method are essentially identical for continuous line printing. Hence the continuous 
line printing tests were conducted using only the shutter valve based method for both the 
ram extruder and shutter valve based methods. For the four groups in Table 3, five 1778 
mm serpentine lines were printed for each group. In the images taken, a ruler was placed 
on the substrate to provide a dimensional scale. Figure 7 shows two images of typical 
printed serpentine lines using the shutter valve based method (left) and the auger extruder 
based method (right) with a 610 μm diameter nozzle. The substrate consists of a thick 
polymer tape sticking to a glass plate. As shown in Figure 7, the tape is inside the dashed 
rectangles. Since the region outside the tape is lower than that inside the tape, 
measurements were taken only in the areas inside the dashed rectangles to ensure a 
constant filament height, and also to avoid the transient effects near the corner turns.  
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Figure 7. Images of continuous lines printed by shutter valve (left) and auger extruder 
(right) with 610 μm diameter nozzle. Both serpentine lines were printed from bottom 
right to top left. 
 
A total of four groups of serpentines were measured, with each group containing 
five serpentine lines. Figure 7 shows two images taken from two of the four groups. A 
total of 70 measurements of line width were taken for each image. Hence a total of 350 
measurements were taken for each group. The measured data are plotted in Figure 8, with 
Figure 8(a) for the two groups using a 610 μm diameter nozzle and Figure 8(b) using a 
406 μm diameter nozzle. The line width measured from Figure 7 is plotted in Line 3 of 
Figure 8(a) using dash and solid curves, respectively, for lines printed using the shutter 
valve and using the auger extruder. The statistical results obtained from the continuous 
line printing experiments are given in Table 5. The differences between the mean values 
of line width and the corresponding nominal values are less than 3% for each group. 
However, the largest variation for the shutter valve groups is 41.6% vs. 7.9% for the 
auger extruder groups. The standard deviations of line width for the auger extruder 
groups are 0.09 and 0.07 mm, for 610 μm and 406 μm diameter nozzle, respectively, 
while the standard deviations of line width for the shutter valve groups are 0.22 and 0.24 
mm, respectively.  It should be noted that the larger (2.9%) mean value errors of the 
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auger extruder groups are due to the lack of self-calibration of the auger extruder 
controller, i.e., there existed an offset between the actual flow rate and the set flow rate 
appeared on the controller’s interface. Also, note that for the solid part printing 
experiments, self-calibration was done before the experiment. 
 
Table 5. Results of continuous line printing experiments. Numbers in parenthesis are 



















610 2.02 (0.0%) 2.55 (26.2%) 1.38 (-31.7%) 0.22 
2 Shutter 
valve 
406 2.00 (0.9%) 2.55 (26.2%) 1.18 (-41.6%) 0.24 
3 Auger 
extruder 
610 2.08 (2.9%) 2.20 (8.9%) 1.90 (-5.9%) 0.09 
4 Auger 
extruder 




Figure 8. Line widths for continuous line printing experiments using two methods and 
two nozzle diameters (610 μm and 406 μm). 
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From Figure 8 and Table 5, we can see the larger fluctuation of paste flow rate in 
the shutter valve based method compared with the auger extruder based method. It can 
also be seen that for the shutter valve groups, in the printing of one serpentine line, there 
exist relatively large fluctuations in the line width which occur gradually in some of the 
sections. This indicates that the transient phases introduced by paste inhomogeneity 
disturbance have a slow response. A relatively stable flow rate is seen for the auger 
extruder groups, which validate the anticipated result as described in section 3.3, i.e., the 
auger extruder based method is less sensitive to the inhomogeneity of the compressible 
paste. 
5.3. RELATIVE DENSITY OF SINTERED PARTS 
The mean density measured for the blocks printed using the shutter valve based 
method was 96.2% of the theoretical density, and that of the blocks printed using the 
auger value based method was 98.4% of the theoretical density. Due to the simplicity of 
the part geometry and its tool path, there were no defects caused by extrusion starts and 
stops. The higher porosity for printed parts (30×15×4 mm3) using the shutter valve based 
method was the result of internal pores caused by the material under-fillings due to 
variations in the widths of the printed lines. This provides further evidence that the auger 
extruder based extrusion method has better performance in terms of paste flow rate 
consistency than the shutter valve and ram extruder based extrusion methods. Three 




Figure 9. Three solid blocks (green state) printed using an auger extruder for density 
measurement. 
 
5.4. FURTHER DISCUSSION ON AUGER EXTRUDER BASED METHOD 
In addition to the extrusion precision discussed above, another important 
advantage of the auger extruder based method is its capability of continuous printing with 
a large volume of paste. By replacing the system’s material barrel (see Figure 2) with a 
large paste reservoir and feeding the material with a pipe, the auger extruder based 
method can potentially print a paste continuously without the limitation of feedstock 
volume. Nevertheless, one disadvantage of the auger extruder based method is that the 
auger and seal rubber are susceptible to wear, especially in printing abrasive materials 
[6], [33], [39]. 
Based on the findings of this study and considering the other advantages and 
disadvantages of each extrusion method, tentative guidelines for choosing an extrusion 
mechanism for freeform extrusion fabrication are given below:  
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- In the cases that compact extruder size, high extrusion start and stop accuracy, great 
flow rate consistency, and unlimited feedstock volume are required, especially 
when the material lacks homogeneity, the auger extruder mechanism is suggested. 
An example is printing pore-free large ceramic parts. For extrusion of abrasive 
materials, however, the wear of auger will need to be considered. 
- In the cases where large extruder size/weight is allowed, and high-precision control 
of extrusion start and stop for inhomogeneous materials is required, the shutter 
valve mechanism is suggested as a low-cost option.  
-  In the cases where the material is highly homogenous or incompressible, or the 
extrusion precision is not critical, the ram extruder mechanism is suggested due to 
its low cost and simplicity. Another case suitable for the ram extruder is when the 





Extrusion-On-Demand methods based on ram extruder, shutter valve, and auger 
extruder have been presented and investigated for freeform extrusion fabrication of high 
solids loading ceramic pastes. The accuracy of extrusion start and stop, and consistency 
of paste flow rate was compared for these three methods by performing experiments that 
print dash and continuous lines. Also, the densities of the sintered ceramics parts were 
measured and compared for solid blocks printed using the different EOD methods. 
Advantages and disadvantages of each method were discussed, and tentative guidelines 
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for selecting the extrusion mechanism were given. Conclusions are drawn from the 
experimental results as follows: 
 The shutter valve and auger extruder based methods exhibit much shorter time 
delays than the ram extruder based method for extrusion start and stop. 
 The shutter valve and auger extruder based methods are more robust for accurate 
control of extrusion start and stop than the ram extruder based method. The 
calibrated control parameters for extrusion start and stop can be kept constant for 
different batches of paste and different nozzle diameters when using the shutter 
valve and auger extruder based methods. However, the ram extruder based 
method needs to adjust its control parameters for extrusion start and stop for 
different paste solids loading and nozzle diameter. 
 The auger extruder based method is more robust for continuous printing than the 
ram extruder and shutter valve based methods. For a constant set extrusion rate, 
the auger extruder based method have higher consistency in the printed line width 
than the other two methods. 
 The sintered solid ceramic parts printed using the auger extruder based method 
have a higher density than the part densities obtained using ram extruder and 
shutter valve based methods. 
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II. CHARACTERIZATION OF ZIRCONIA SPECIMENS FABRICATED BY 
CERAMIC ON-DEMAND EXTRUSION 
ABSTRACT 
The Ceramic On-Demand Extrusion (CODE) process is a novel additive 
manufacturing method for fabricating dense (~99% of theoretical density) ceramic 
components from aqueous, high solids loading pastes (>50 vol.%). In this study, 3 mol% 
Y2O3 stabilized zirconia (3YSZ) specimens were fabricated using the CODE process. The 
specimens were then dried in a humidity-controlled environmental chamber and 
afterward sintered under atmospheric conditions. Mechanical properties of the sintered 
specimens were examined using ASTM standard test techniques, including density, 
Young’s modulus, flexural strength, Weibull modulus, fracture toughness, and Vickers 
hardness. The microstructure was analyzed, and grain size measured using scanning 
electron microscopy. The results were compared with those from Direct Inkjet Printing, 
Selective Laser Sintering, Lithography-based Ceramic Manufacturing (LCM), and other 
extrusion-based processes, and indicated that zirconia specimens produced by CODE 
exhibit superior mechanical properties among the additive manufacturing processes. 
Several sample components were produced to demonstrate the CODE’s capability for 
fabricating geometrically complex ceramic components, and the surface roughness of 






Zirconia ceramics, especially 3Y-TZP (3 mol% Y2O3 stabilized tetragonal 
zirconia polycrystal), are important structural ceramic materials due to the superior 
mechanical properties resulting from the transformation toughening mechanism [1]. 
Additive manufacturing provides the capability of producing components with high 
geometrical complexity. However, most ceramic additive manufacturing processes 
exhibit less than satisfactory mechanical properties due to residual porosity in the final 
products, a result of additive manufacturing processes, and the flaw-sensitive nature of 
ceramic materials. Thus, pursuing mechanical properties equal to those of more 
traditional processing methods is a challenge for ceramic additive manufacturing. 
The Ceramic On-Demand Extrusion (CODE) technique is a novel, extrusion-
based, additive manufacturing (AM) process, which produces dense (~99% of theoretical 
density) ceramic components after sintering. It deposits high solids loading (>50 vol%) 
aqueous ceramic pastes onto a substrate, layer-by-layer, at room temperature. Each 
deposited layer is solidified by uniform infrared radiation drying from the top surface. At 
the same time, the undesirable water evaporation from the side of the part is prohibited by 
surrounding the part with liquid [2,3]. This layered uniform radiation drying approach 
eliminates the water content gradient in the fabricated part and thus enables the CODE 
process to produce crack-free ceramic parts. The progressive cavity pump based extruder 
utilized in CODE guarantees a precise Extrusion On-Demand (EOD) control with a 
consistent deposition flow rate to avoid pores in the part [4], which further improves the 
density of the as-printed part.   
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In the work described in the present paper, the CODE process was used to 
fabricate 3YSZ specimens, and the mechanical properties and microstructure of these 
specimens were evaluated and compared with those fabricated by other processes. For 
demonstration, several geometrically complex parts made of 3Y-TZP were fabricated 
using CODE, and their surface finish was examined.  
 
2. EXPERIMENTAL PROCEDURE 
2.1. PASTE PREPARATION 
The aqueous zirconia paste was made of a commercially available 3 mol% yttria-
stabilized zirconia (3YSZ) powder (TZ-3Y-E, Tosoh USA, Inc., Grove City, OH, USA), 
distilled water, dispersant (Dolapix CE 64, Zschimmer & Schwarz GmbH, Lahnstein, 
Germany), and ammonium hydroxide solution (221228, Sigma Aldrich, St. Louis, MO, 
USA) for pH adjustment. The zirconia powder had an average particle size of 40 nm and 
a surface area of 16 m2 /g, according to the manufacturer. 
Batches of ceramic paste were produced at approximately 50 vol% solids loading 
by dispersing 3YSZ powder in distilled water using 5 wt% dispersant. The pH was 
adjusted using the ammonium hydroxide solution until an alkaline pH ≈ 9-10 was 
achieved, as measured by a pH meter (HI 2210, Hannah Instruments, Woonsocket, RI, 
USA). The solid particles were added slowly and mixed. All mixing was performed using 
a whip mixer (Model F, Whip Mix, Louisville, KY, USA) while pulling a mild vacuum 
(~20 kPa) during discrete mixing steps to aid in deaeration, until all solids were added. 
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The paste was then stirred for an additional five minutes under vacuum to homogenize 
the paste.  
2.2. PART BUILDING PROCESS 
The zirconia paste was extruded at controlled flow rates through a circular nozzle. 
While the nozzle moved under the control of G&M codes, the extruded material was 
deposited on a substrate located in a tank designed to hold a fluid medium. Once the 
deposition of each layer was completed, oil was pumped into the tank surrounding the 
layer to prevent undesirable water evaporation from the sides of the deposited layers. A 
mineral oil (Florasense Lamp Oil, MVP Group International Inc., Charleston, SC, USA) 
was chosen as the fluid surrounding the part to preclude interaction between the fluid and 
the aqueous paste. The level of oil was controlled so that it was maintained at a level 
typically 0.4 mm (thickness of one layer) below the top surface of the part being 
fabricated. Infrared radiation was then applied to uniformly dry the deposited layer from 
its top so that the part being fabricated would maintain its shape while subsequent layers 
were deposited.  By repeating the above steps, the component was fabricated layer-by-
layer. A schematic of the process is shown in Figure 1.  The layered uniform radiation 
drying, together with the prohibition of undesirable evaporation from the sides of the 
part, enables rapid solidification of each layer without causing moisture gradients in the 
part, thus preventing part cracking and warpage. The remaining water content and oil on 




Figure 1. Schematic of the part building process of CODE. 
 
In this study, 24 beams with dimensions of 6 mm × 25 mm × 4 mm (width × 
length × height, based on a CAD model), and 5 blocks with dimensions of 53.2 mm × 
53.2 mm × 6.4 mm (width × length × height, based on a CAD model) were printed for 
property evaluation. 
2.3. POST PROCESSING 
Once the parts were built and removed from the tank, the remaining water content 
in the parts, and the oil on the surface of the parts were eliminated by bulk-drying to 
obtain “green” parts. The bulk-drying was performed in an environmental chamber where 
the relative humidity and temperature were controlled to 75% and 25°C, respectively, for 
20 hours. The high humidity in the chamber slowed down the drying rate to avoid part 
warpage and crack formation. The green parts were then sintered in an electric furnace 
(DT-29-RSA, Deltech, Denver, CO) under atmospheric pressure to obtain the final parts. 
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In order to determine an appropriate sintering temperature and time, a sintering 
study was performed on the zirconia beams. The 24 “green” beams were divided into 
eight groups and sintered under eight different sintering conditions. The eight groups of 
sintered specimens were then tested to compare their density, hardness and fracture 
toughness. The best sintering condition among the eight groups was determined through 
comparison of these properties. The 5 “green” zirconia block specimens were then 
sintered using these selected conditions.  
2.4. CHARACTERIZATION 
The density of sintered specimens was determined by Archimedes’ method [5]. 
The dry mass of each specimen was measured first. Then, the specimens were saturated 
by submerging in distilled water and placing them under vacuum for 12 h. The saturated 
and suspended masses were then recorded to calculate the bulk density. This value was 
divided by the theoretical density (T.D.) of 3Y-TZP (6.056 g/cm3 [6,7]) to obtain the 
average relative density of the specimen.    
Vickers hardness was measured according to ASTM C1327 [8] using a 
microhardness tester (V-100-V2, LECO, Saint Joseph, MI, USA). The applied force was 
98.07 N for 10 seconds. The test surfaces of specimens were polished using successively 
finer diamond abrasives down to 0.25 µm prior to indentation. 
For the 24 sintered beams, fracture toughness was estimated from the indentation 
test using Anstis’ method [9]. For the blocks sintered at the selected final sintering 
condition, fracture toughness was determined by testing Chevron-Notched (CN) beams in 
four-point bending using a fully articulating test fixture for configuration A (L=50 mm, 
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B=3 mm, W=4 mm, and a0=0.8 mm) according to ASTM C1421 [10]. Test bars were cut 
out from the block specimens and ground to standard size using an automated surface 
grinder (Chevalier, FSG-3A818, Santa Fe Springs, CA, USA). A dicing saw (Accu-cut 
5200, Aremco Products, Ossining, NY, USA) with a 0.15 mm-thick diamond wafering 
blade was then used to machine the chevron notches on each test bar. An instrumented 
load frame (Instron 5881, Instron Corporation, Norwood, MA, USA) was used to test the 
CN beams with a crosshead velocity of 0.2 mm/min. The dimensions of chevron notches 
were then measured using an optical microscope (KH-3000, Hirox, Hackensack, NJ, 
USA). 
Flexural strength was measured by the four-point bending method according to 
ASTM C1161 [11] using an instrumented load frame (5881, Instron Corporation, 
Norwood, MA, USA) with a crosshead velocity of 0.2 mm/min. Both A-size 
(2 mm × 1.5 mm × 25 mm) and B-size (4 mm × 3 mm × 45 mm) beam specimens 
were prepared and tested. From the five sintered blocks, 30 A-size specimens and 30 B-
size specimens were cut. All four surfaces of each specimen were ground using a 600-grit 
diamond wheel, and then manually chamfered using a 1200-grit diamond grinding disk. 
Young’s modulus was determined from Euler-Bernoulli beam theory [12] using the 
readings of the deflectometer (a linear variable differential transformer) on the load frame 
which measured the deflection at the center of the test beam during the bending test (see 
[13] for detailed calculation procedure). 
Microstructural analysis was performed using scanning electron microscopy 
(SEM) (Helios Nanolab 600, FEI, OR, USA). Prior to SEM imaging, the specimen was 
first polished down to a 0.25-micron finish using successively finer diamond abrasive 
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slurries, then thermally etched at 1350°C for 0.5 h to reveal the grain boundaries. The 
average grain size was measured by the linear intercept length method [14] in ImageJ 
[15], an open-source image processing software.  
 
3. RESULTS AND DISCUSSION 
3.1. STUDY OF SINTERING CONDITIONS 
The 24 beam specimens were divided into 8 groups, each group having 3 
specimens, and sintered at 8 different sintering conditions, i.e., different temperatures (T) 
and hold times (t). The relative density (D) and Vickers hardness (HV) were measured, 
and the fracture toughness (KIC) was estimated from the indentation test for each group of 
specimens. The average bulk density of each group was measured from 3 specimens. The 
hardness was measured from a total of 6 indentations across three specimens, with two on 
each specimen.  The fracture toughness was then calculated according to Equation (1) 
from the six indentations using 
 2IC
1/ 3/2( / )K = /E H P c   (1) 
where φ is a constant (0.016) [16,17], H is the hardness (GPa), P is the applied load (N), 
E is Young’s modulus (GPa), and c is the crack half-length (m), which is the diagonal 
length of the indent plus the two crack lengths, divided by 2 (see Figure 2). The Young’s 
modulus (E) assumed in Equation (1) was 210 GPa, which is a commonly used value in 
most of the fracture toughness tests for 3Y-TZP[17–19], and it will be updated in future 
sections (section 3.5) once actual E values were measured.  The applied load was 98.07 
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N. The average results, as well as the standard deviations measured from the eight 
groups, are given in Table 1. 
 
Table 1. Density (D), hardness (HV) and fracture toughness (KIc) results of 8 sintered 
groups; T is the sintering temperature, and t is the sintering duration. 
 T (°C) t (h) D (%) HV (GPa) KIc (MPa·m0.5) 
Group 1 1350 1 99.11 (0.31) 14.2 (0.19) 3.5 (0.04) 
Group 2 1350 2 99.52 (0.01) 14.1 (0.09) 3.5 (0.05) 
Group 3 1450 0.5 99.47 (0.07) 13.9 (0.21) 3.7 (0.09) 
Group 4 1450 1 99.32 (0.13) 13.7 (0.16) 3.8 (0.07) 
Group 5 1500 0.5 99.22 (0.22) 13.8 (0.24) 3.8 (0.14) 
Group 6 1500 1 99.13 (0.12) 13.8 (0.12) 3.7 (0.06) 
Group 7 1550 0.5 99.09 (0.04) 13.4 (0.35) 4.0 (0.07) 
Group 8 1550 1 99.16 (0.09) 13.1 (0.14) 4.3 (0.08) 




Figure 2.  Micrograph of a Vickers indent and cracks. 
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According to Table 1, all groups had a density above 99% of the theoretical 
density. Group 2 (sintering at 1350°C for 2 h) reached a maximum density of 99.5%, 
while group 8 (sintering at 1550 °C for 1 h) had the highest fracture toughness (4.3 
MPa·m0.5). Although it exhibited the lowest hardness, the sintering condition for group 8 
was chosen to move forward since it resulted in the highest fracture toughness, which is 
more desirable for 3Y-TZP than hardness. 
3.2. SHRINKAGE 
The five block specimens were subsequently sintered at the selected sintering 
condition (1550 °C, 1 h). Figure 3 illustrates one of the five sintered block specimens. 
The printing parameters for all specimens are also listed in this figure. The part 
dimensions were measured by a Vernier caliper at different stages, i.e., after bulk drying 
and after sintering. For each specimen, at each stage, six measurements were taken for 
each dimension (W, L, and H). Hence a total of 30 measurements were obtained from 5 
specimens for each dimension. The mean value of the 30 measurements is reported in 
Table 2, as well as the amount of shrinkage. Compared to the wet (as-printed) specimens, 
the dried specimens had 1.5%, 1.2% and 2.2% reduction in width, length, and height, 
respectively, corresponding a volumetric shrinkage of 4.8%. The sintered specimens had 
20.2%, 20.0% and 21.6% reduction in width, length, and height, respectively, compared 
to the as-printed specimens. This corresponds to a 50.0% volumetric shrinkage. The 
shrinkage rate in the length and width directions during both drying and sintering stages 
were slightly lower than that in the height direction. The cause of this anisotropy is 
hypothesized to be the friction between the specimen and the substrate, i.e., the friction 
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hinders the particles from moving in the longitudinal and transverse directions of the 
specimens, while the friction is absent in the vertical direction. However, further 
evidence is needed to validate this hypothesis. 
 
Table 2. The average amount of shrinkage of the block specimens. 
 Dimensions (mm) Linear shrinkage (%) Volumetric shrinkage (%) 
As-printed 53.2×53.2×6.4 -- -- 
Dried 52.4×52.4×6.3 1.5×1.2×2.2 4.8 




Figure 3. A sintered 3Y-TZP block fabricated by the CODE process. 
 57 
3.3. MICROSTRUCTURE 
An SEM micrograph showing a representative microstructure of a sintered 3Y-
TZP specimen is shown in Figure 4. Neither intergranular nor intragranular porosity was 
observed, which was expected based on the density measurements. The average grain 
size was measured by the linear intercept length method [14]. Twenty horizontal lines 
with equal length were drawn on the SEM micrograph at random vertical positions, 
created a total of 494 interceptions with the grain boundaries. The average grain size was 
determined as 1.56 times the average linear intercept length [14], which was 0.81 µm. 
This is in agreement with the reported grain size under similar sintering conditions in the 
literature, which ranges from 0.2 to 1.0 µm [18–21]. However, lower sintering 




Figure 4. SEM micrograph showing the microstructure of specimens after sintering at 
1550 °C for 1 h. 
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3.4. FRACTURE TOUGHNESS 
Chevron-Notched (CN) beams were prepared from 16 B-size beams, out of which 
8 CN beams were successfully cut, but the other eight beams were discarded due to 
machining damage. For the 8 CN beams, the first two tests failed to give stable load 
curves, so a simple compression-compression fatiguing procedure was applied to the 
other six specimens according to ASTM C1421[10]. After the compression-compression 
fatigue cycle[10], all six specimens exhibited stable crack growth. The average fracture 
toughness (KIvb) was 4.6 MPa·m0.5, with a standard deviation of 0.23 MPa·m0.5. The 
measured fracture toughness value is in agreement with the reported values for 3Y-TZP 
under similar sintering conditions from the literature ranging from 3.8 to 5.0 MPa·m0.5 
[6,7,22,24]. 
3.5. FLEXURAL STRENGTH, WEIBULL MODULUS AND YOUNG’S MODULUS 
Four-point bending tests were performed on 30 A-size beam specimens, of which 
29 tests were valid. This was followed by a Weibull analysis. The Weibull distribution 
parameters of the flexural strength values of the 29 specimens were calculated according 
to ASTM C1239 [25]. The Weibull plot is shown in Figure 5. A regression analysis was 
performed using Matlab to determine the Weibull modulus,   (the slope of the fitted 
line). From the regression analysis,   = 8.3 was obtained. However, the measured 
Weibull modulus ( ) generally exhibits statistical bias. The amount of statistical bias 
depends on the number of test specimens. An unbiased estimate of m can be obtained by 
multiplying   by an unbiasing factor provided in ASTM C1239. For 29 specimens, an 
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unbiasing factor of 0.951 was used, resulting in the unbiased estimate of the Weibull 
modulus of   = 7.9.  
 
Figure 5. Weibull plot for 29 A-size beam specimens. 
 
Among the 30 B-size beam specimens, 16 were used for preparing Chevron-
Notched beams for fracture toughness testing, four were damaged during machining. For 
the remaining 10, their flexural strengths were also measured through four-point bending 
tests, revealing a mean flexural strength of 563 MPa. A flexural strength comparison 
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between CODE specimens and specimens reported from other processes will be made in 
the following section. The measured Young’s modulus was 221 GPa, with a standard 
deviation of 12.3 GPa. By correcting the assumed E values (210 GPa) used in Equation 
(1) to 221 GPa, the estimated fracture toughness from indentation in Table 1, Group 8 
(4.3 MPa·m0.5) was corrected to 4.4 MPa·m0.5, which has better agreement with the 
fracture toughness value (4.6 MPa·m0.5) measured from the Chevron-Notched beams. 
3.6. PROPERTIES COMPARED TO OTHER PROCESSES 
3.6.1. Zirconia (3YSZ) Specimens Fabricated by Other AM Processes.  
Several additive manufacturing processes have been developed for ceramics, including 
Binder Jetting (3DP) [26–29], Stereolithography (SLA) [30–33], Lithography-based 
Ceramic Manufacturing (LCM) [7,34], Robocasting [35], Fused Deposition of Ceramics 
(FDC) [36], Freeze-form Extrusion Fabrication (FEF) [37],  Selective Laser Sintering 
(SLS) [38,39], Selective Laser Melting (SLM) [40], Thermoplastic 3D Printing (T3DP) 
[41], Direct Inkjet Printing (DIP) [42], Direct Ink Writing [43–45], Extrusion-based 
Photo-initiate Polymerization [46], and 3D gel-printing (3DGP) [47]. Among them, a 
number of attempts to fabricate zirconia components have been made in the past 20 
years, as briefed below.    
Bertrand et al. [39] and Shahzad et al. [38] employed SLS to fabricate zirconia 
parts. Bertrand et al. [37] directly sintered pure Y2O3-ZrO2 powder to obtain the final 
part. The density of their as-fabricated part was 56% T.D. (theoretical density), and they 
also reported that further sintering in a conventional furnace was not able to increase the 
density. Shahzad et al. [36] prepared a mixture containing Y2O3-ZrO2 powder and 
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isotactic polypropylene (PP). They used SLS to melt the organic binder (PP) phase to 
produce green parts and then bulk-sintered the green part to obtain the final part. The 
density of their sintered 3Y-TZP parts was only 32% of T.D.; however, they reported that 
the combination of pressure infiltration (PI) of ZrO2 suspension and warm isostatic 
pressing (WIP) could increase the final density to 85% of T.D.  
Scheithauer et al. [41] developed the Thermoplastic 3D Printing process which 
combines FDM and robocasting. They used a thermoplastic binder system and Y2O3-
ZrO2 powder to prepare highly loaded feedstocks that were processed in a heated 
dispensing unit. The density of their sintered 3Y-TZP parts was reported to be 98% of 
T.D., but only single-wall specimens were produced. 
Faes et al. [46] prepared a dispersion based on ceramic powders and UV-resin. 
The dispersion was selectively deposited through a nozzle while being cured by an LED 
array. This process was referred to as extrusion-based additive manufacturing using 
photo-initiated polymerization. The density reported for their sintered 3Y-TZP parts was 
92% of T.D. 
Özkol et al. [42] applied the direct inkjet printing (DIP) process to fabricate 3Y-
TZP parts. They prepared an aqueous ink containing 40 vol% of Y2O3–ZrO2 particles and 
used a modified HP office-type thermal inkjet printer to print the ink. The printed parts 
were then dried and sintered. An absolute density of 5.82 g/cm3 was reported, which 
corresponds to 96.1% of T.D. They also reported the Weibull characteristic flexural 
strength, mean flexural strength and Weibull modulus, which were 843 MPa, 759 MPa 
and 3.6, respectively. 
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Shao et al. [47] fabricated 3Y-TZP parts with the 3D Gel-Printing (3DGP) 
process, which is based on a 2-hydroxyethyl methacrylate (HEMA) gelation system. The 
solids loading of the ZrO2 gel was 50 vol%. The reported density, average flexural 
strength, and Vickers hardness were 97.6%, 450 MPa and 14.4 GPa, respectively.  
Harrer et al. [7] fabricated 3Y-TZP samples with the Lithography-based Ceramic 
Manufacturing (LCM) technology using a commercial printer (CeraFab 7500 printer, 
Lithoz GmbH, Vienna, Austria) and resin with 42 vol% of ZrO2 particles. The sintered 
samples achieved 6.032 g/cm3 absolute density, corresponding to 99.6% of T.D. The 
reported Vickers hardness, fracture toughness, Weibull characteristic flexural strength, 
and Weibull modulus were 13.4 GPa, 4.9 MPa·m0.5, 878 MPa, and 11.1, respectively. 
3.6.2. Comparison of Properties.  In order to evaluate the relative quality of 
CODE fabricated 3Y-TZP specimens, a comparison of properties to conventional 
ceramic fabrication processes and ceramic additive manufacturing processes was made. 
Among various conventional processes, some sinter the green specimen under high 
pressure, such as hot pressing and hot isostatic pressing. The pressurized sintering 
processes typically exhibit higher strengths than their pressureless counterparts [24]. In 
order to have a fair comparison, only processes which sinter at atmospheric pressure were 
considered. In addition, the raw material may also affect the properties of the final 
specimen. By considering those effects, the property data provided by the powder 
manufacturer (Tosoh USA Inc., Grove City, OH, USA) was used for comparison. 
According to the datasheet [6], their specimens were first shaped by cold pressing under 
70 MPa uniaxial pressure for 30 seconds, then sintered at atmospheric pressure. From the 
properties provided by the powder manufacturer, the three-point bending flexural 
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strength for the TZ-3Y-E powder is  ̄    ℎ    = 1000   , and  ̄    ℎ     =
1500    for the TZ-3YS-E powder [6].  
A direct comparison can be made for properties including density (D), hardness 
(H), fracture toughness (KIC), and Weibull modulus (m). However, the observed flexural 
strength values of advanced ceramics are dependent on the test specimen size, geometry 
and stress state. Prior to making flexural strength comparisons, conversions are needed to 
account for the different specimen sizes and test configurations. ASTM C1683 [48] 
standard provides a methodology to convert the mean flexural strengths determined from 
different test configurations. According to [7,42], the flaw distribution was assumed to be 
volume-based, and Equation (2) [48] was used to convert the four-point bending flexural 
strengths under other configurations to the four-point bending flexural strengths under 
ASTM B-size configuration. Equation (3) [48] was then used to convert from the ASTM 
B-size four-point bending strength to the corresponding three-point bending strength 



























     (3) 
The flexural strength of CODE specimens under ASTM B-size four-point bending 
configuration ( ̄    -B4) was converted to obtain three-point bending flexural strength 
values ( ̄    -B3) which would correspond to the powder supplier’s (Tosoh’s) 
configuration using Equation (3), irrespective of whether the flaws are surface or volume-
distributed. The nomenclature for Equations (2) and (3) is given below: 
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 ̄   = mean strength of a four-point flexure test specimen; 
 ̄   = mean strength of a three-point flexure test specimen; 
m = Weibull modulus; 
b = width of a flexure test specimen;  
d = thickness of a flexure test specimen; 
Li4 = length of the inner span of a four-point flexure test specimen; 
Lo4 = length of the outer span of a four-point flexure test specimen; 
Lo3 = length of the outer span of a three-point flexure test specimen;  
 
















Cold uniaxial TZ-3Y-E1 99.9 12.3 5 1000 N.D. Provided 
 





SLS [38,39] ZYP302 56.0 N.D. N.D. N.D. N.D. -- 
T3DP [41] TZ-3YS-E 98.0 N.D. N.D. N.D. N.D. -- 
EPP [46] TZ-3Y-E 92.0 N.D. N.D. N.D. N.D. -- 
DIP [42] TZ-3YS-E 96.1 N.D. N.D. 723 3.6 
48.2% of 
3Tosoh YS    
 
3DGP [47] N.D. 97.6 14.4 N.D. 450 N.D. -- 
LCM [7] N.D. 99.6 13.4 4.9 885 11.1 -- 
CODE TZ-3Y-E 99.2 13.1 4.6 715 7.9 
71.5% of 
3Tosoh Y   
Note: 1. Powder supplied by Tosoh USA, Inc., Grove City, OH, USA.  2. Powder supplied by Zircar 
Zirconia, Inc., Florida, NY, USA 
 
Similar conversions were applied to the reported results of DIP, LCM and 3DGP 
processes, and the converted values were eligible for direct comparison. It should be 
noted that the strength of CODE specimens was compared to  ̄    ℎ    since TZ-3Y-E 
powder was used in the CODE process, while the DIP’s specimens’ strength was 
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compared to  ̄    ℎ    , which corresponds to the TZ-3YS-E powder used. Table 3 
summarizes the comparison of the mechanical properties between the CODE process, a 
representative conventional ceramic fabrication process, and other AM processes. The 
density (D), Vickers hardness (HV), fracture toughness (KIC), three-point bending flexural 
strength (σ) and Weibull modulus (m) values in Table 3 are the highest values found in 
the literature, the non-disclosed properties are marked as “N.D.”.  
3.6.3. Discussion on Specimens’ Properties. As presented in Table 3, among all 
AM processes to date, only the CODE and LCM processes produce specimens 
with >99% relative density, i.e., 99.2% and 99.6%, respectively. Compared to the 
conventional process, however, the cold uniaxial pressed specimens reported by Tosoh 
achieved a 99.9% relative density. One reason for the slightly lower specimen density of 
the CODE and LCM processes was the defects inherent in the AM processes, such as 
porosity caused by the inhomogeneity of feedstock and inaccuracy of material dispensing 
[4,7,13,34,49]. Another reason could be their likely lower green density compared to 
Tosoh’s conventional processing, where the 70 MPa uniaxial pressing provided better 
particle packing. Further investigations will be required to confirm this hypothesis. The 
hardness and fracture toughness of CODE fabricated specimens are close to those of cold 
uniaxial pressed specimens. The flexural strength and Weibull modulus are both lower 
than the values associated with the LCM process, i.e., 715 MPa vs. 885 MPa and 11.1 vs. 
7.9. However, since the powder used in the LCM process is not disclosed, further 
information is needed for a complete comparison. Compared to the conventional process, 
the flexural strength of CODE’s specimens reaches ~71% of the values for cold uniaxial 
pressed specimens reported by Tosoh ( ̄    ℎ   ). The absolute flexural strength reported 
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from the DIP process is slightly higher than that of CODE (715 MPa vs. 723 MPa), 
however, the relative strength obtained by the DIP process is ~48% compared to the 
values provided by Tosoh ( ̄    ℎ    ). This low bending strength could be caused by 
pores considering the relatively low density (96.1%) of DIP fabricated specimens. 
Overall, the 3YSZ components produced by the CODE process achieved the highest 
relative density and relative flexural strength among all extrusion-based AM processes. 
The Griffith criterion was used to estimate the expected critical flaw sizes in the 
specimens. Equation (4) was used for calculating the flaw size, where 2a is the size of the 
critical flaw (m), KIC is the fracture toughness (MPa·m0.5), f  is the fracture stress 








    
     (4) 
According to ASTM 1322 [50], for volume flaws Y is equal to 1.77 or 1.13 for 
penny-shaped narrow flaws and circular flaws, respectively; while for surface flaws, Y is 
1.99 or 1.29 depending on the flaw geometry. Thus, the estimated flaw size ranged from 
27 µm to 65 µm when the flaw was assumed to have a volume origin, and ranged from 
21 µm to 50 µm when the flaw was assumed to have a surface origin. Considering the 
fact that the grain size of the specimens was submicron, the less than 100% relative 
flexural strength of CODE specimens was more likely to be caused by the higher 
porosity, i.e., lower density (99.2% vs. 99.9%) compared to the uniaxially pressed 
specimens, instead of the grain size and/or grain boundaries. The higher porosity, as 
mentioned earlier, could have been resulted from the manufacturing defects inherent in 
the AM processes. 
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3.7. SAMPLE COMPONENTS 
To demonstrate the capabilities of the CODE process to fabricate 3D components 
with complex geometries and validate the printability of the ZrO2 paste, several samples 
were successfully fabricated and sintered. Figure 6(a) shows two double helical gears 
fabricated using a 600 µm (inner diameter) nozzle. The layer thickness for printing was 
400 µm which decreased to approximately 320 µm after sintering. A heart-shaped 
pendant fabricated using a 300 µm nozzle is shown in Figure 6(b), with a close-up side 
view, where the layer thickness was about 120 µm after sintering. Figure 6(c) shows a 
structure with four thin walls (0.5 mm) fabricated using a 200 µm nozzle, where the layer 
thickness was about 80 µm after sintering. All three types of sample components were 
fabricated without visible pores and gaps, indicating a high consistency of extrusion flow 
rate and effective extrusion starts and stops [4]. 
 
 
Figure 6. Sintered 3YSZ sample components: (a) two double helical gears, (b) a heart-
shaped pendant, (c) thin wall structures.  
 
The surface finish of the sample components was examined by a surface 
roughness tester (Mahr PS1, Mahr Gmbh, Göttingen, Germany).  The tested surfaces 
were marked in Figure 6, and three measurements were taken for each surface at random 
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spots. When examining the roughness of the side surface, the probe traveled in the 
direction perpendicular to the layer plane. The probe traveled perpendicular to the 
direction of the deposited raster when examining the top surface. The side surface in 
Figure 6 (b) wasn’t examined since the height (~2.4 mm) of the pendant was lower than 
the required length of the probe scanning path. The surface roughness measurements and 
their averaged values are presented in Table 4. The Ra and Rz of the gears’ side surface 
were significantly higher than those of their top surface, i.e., 16.9 µm vs. 5.2 µm and 70.4 
µm vs. 20.1 µm. This phenomenon is common in extrusion-based AM processes since a 
periodically fluctuated side surface is formed when stacking the layers vertically [51]. 
Thus a positive correlation exists between layer thickness and side surface roughness. 
The thin wall component in Figure 6(c) were fabricated with a much finer nozzle (200 
µm vs. 600 µm in diameter) and layer thickness (80 µm vs. 320 µm) compared to the 
gears, thus a much lower surface roughness was obtained, as presented in Table 4, and 
the difference between its top surface and side surface became insignificant.  
 
Table 4. Surface roughness values measured from example components. 
Measurements (µm) #1 #2 #3 Average 
Ra Rz Ra Rz Ra Rz Ra Rz 
Top surface in Fig. 6 (a) 6.1 23.1 4.9 18.4 4.6 18.8 5.2 20.1 
Side surface in Fig. 6 (a) 16.0 64.2 17.5 72.9 17.1 73.0 16.9 70.4 
Top surface in Fig. 6 (b) 3.5 14.3 3.5 13.8 3.0 12.0 3.3 13.4 
Top surface in Fig. 6 (c) 1.6 8.7 1.7 9.5 2.5 12.4 1.9 10.2 





An aqueous paste consisting of 3 mol% yttria-stabilized zirconia was developed, 
and the Ceramic On-Demand Extrusion (CODE) process was employed to fabricate 3Y-
TZP test specimens and sample components. The properties of fabricated test specimens 
were examined. A relative density of 99.1%-99.5% was achieved. The Vickers hardness 
(HV) and fracture toughness (KIvb) measured were 13.1 GPa and 4.6 MPa·m0.5, 
respectively. The flexural strength obtained from a four-point bending test was 563 MPa, 
from which the estimated three-point bending strength was 715 MPa.  
The measured results were compared to those from other additive manufacturing 
processes and a representative conventional process. The comparisons revealed that the 
density and bending strength of the CODE fabricated specimens are similar to those from 
the vat photopolymerization-based process (LCM) and stand out as the highest among all 
extrusion-based AM processes.  The flexural strength reached ~70% of those of cold 
uniaxial pressed specimens, and the hardness and fracture toughness were close to that of 
cold uniaxial pressed specimens. Several sample components were successfully 
fabricated with 320, 120 and 80 µm layer thickness, which demonstrated CODE’s 
capability of fabricating non-sparse components having a complex geometry and fine 
features. The surface roughness measurements having Ra and Rz of 5.2 µm and 20.1 µm, 
respectively, were obtained for the top surface of the specimens with approximately 320 
µm layer thickness, while their side surface had Ra and Rz of 16.9 µm and 70.4 µm, 
respectively. For the specimen with approximately 80 µm layer thickness, the Ra and Rz 
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for both top surface and side surface were close and ranged from 1.6 µm to 3.0 µm and 
8.7 µm to 12.7 µm, respectively. 
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III. FABRICATING CERAMIC COMPONENTS WITH WATER DISSOLVABLE 
SUPPORT STRUCTURES BY THE CERAMIC ON-DEMAND EXTRUSION 
PROCESS 
ABSTRACT 
This paper describes a further development of the novel Ceramic On-Demand 
Extrusion (CODE) process that was recently being developed. The new development 
focuses on fabricating ceramic components that have external/internal features such as 
overhangs, conformal cooling channels, etc. and thus cannot be fabricated without the use 
of support structures. The minimum angle of a slanted surface that can be fabricated 
using Al2O3 (alumina) paste without the need for a support structure is first determined. 
An inorganic sacrificial material, CaCO3, is then identified for building support 
structures. After a green part with both main and sacrificial materials has been fabricated, 
it is dried and then sintered. During sintering, the main material densifies, while the 
sacrificial material decomposes and is then dissolved in water or acid. Sample parts are 
fabricated and evaluated to demonstrate the effectiveness of the sacrificial material as 




Fabricating three-dimensional components from ceramic materials is often 
expensive and time-consuming, and part geometrical complexity is limited when using 
conventional processing and machining techniques.  Additive manufacturing (AM) can 
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be applied to reduce the fabrication time and cost, especially for small runs and for 
components with complex geometries. 
Several AM techniques have been developed for ceramics and glasses, including 
binder jetting [1], material extrusion [2-6], vat photopolymerization [7], powder bed 
fusion [8,9], directed energy deposition [10], etc. Ceramic On-Demand Extrusion 
(CODE) is a recently developed paste extrusion based AM process, which produces 
ceramic components with near theoretical (>98%) density after sintering. It deposits high 
solids loading (>50 vol%) ceramic pastes onto a substrate layer by layer at room 
temperature. The printed parts are dried in a controlled environment with appropriate 
humidity to produce crack-free green parts, after which the green parts are sintered to 
produce highly dense ceramic parts [11,12].  
The present paper describes the development of a method for fabricating ceramic 
parts with complex geometries or features that require the use of sacrificial support 
structures in the CODE process. A novel CODE fabrication machine was developed and 
configured to work with two extruders capable of depositing two materials. Concurrent 
deposition of the sacrificial material enables the CODE process to fabricate ceramic parts 
that have external/internal features such as overhangs, conformal channels, etc. Unlike 
the Freeze-form Extrusion Fabrication process [9], which is another paste extrusion based 
ceramic AM process that solidifies the paste by freezing, the selection of a suitable 
sacrificial material in the CODE process is more challenging because the process 
operates at room temperature. After identifying calcium carbonate (CaCO3) as a workable 
sacrificial material, which decomposes during sintering and can be removed by 
dissolving in water or acid after sintering, aqueous CaCO3 paste was prepared as the 
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support material. A multi-step sintering technique was used for Al2O3  parts due to the 
favorable phase equilibria between Al2O3 and CaCO3 within the sintering temperature 
range. For demonstration purpose, cuboid parts with rectangular through-holes were 
fabricated to examine part dimensional accuracy. The fabrication of a geometrically 
complex part with overhangs and tube-shaped features by the CODE process was also 
successfully demonstrated. 
 
2. PROCESS OVERVIEW AND EXPERIMENTAL SETUP 
The CODE process extrudes and deposits aqueous pastes onto a substrate to print 
each layer sequentially. The substrate is placed inside a tank designed to hold a fluid 
medium (normally oil). Once one layer is deposited completely, the oil is pumped into 
the tank to surround the part, preventing undesirable water evaporation from the 
perimeters of the deposited layers. The oil level is maintained just below the topmost 
layer of the part being fabricated.  Infrared radiation is then applied in a direction 
perpendicular to the top surface to uniformly dry the deposited layer, so that the part 
being fabricated will be partially dried and stiffened. This enables the printed body to 
sustain the weight of the subsequently deposited layers without deformation. By 
repeating the above steps, the part is printed in a layerwise fashion [11-13]. The layered 
uniform radiation drying, together with the prohibition of evaporation from the sides of 
the part, prevents moisture gradation in the part, thus avoiding part cracking and warping. 
Once a part is completely printed and removed from the oil tank, the remaining water 
content is eliminated by bulk drying to obtain a green body. The green body then goes 
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through post-processing, including sacrificial material removal, binder burnout, and 
sintering, to obtain a dense ceramic part. 
The CODE fabrication system consists of a motion subsystem (gantry); extrusion 
devices mounted on the gantry and capable of extruding viscous ceramic pastes at 
controlled flow rates; an oil feeding device to regulate the oil level in the tank; and an 
infrared radiation heating device capable of moving the infrared source and providing 
on/off control. Figure 1 shows the CODE fabrication system and its environment. The 
details of this system and its subsystems were presented in our previous papers [11,14]. 
 
 
Figure 1. The CODE fabrication system configured for dual-extruder printing. 
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3. PART FABRICATION 
3.1. PASTE PREPARATION 
A 55 vol% solids loading alumina (Al2O3) paste was developed by following a 
previously developed recipe described in [13]. The calcium carbonate paste was prepared 
from CaCO3 powder (Sigma Aldrich, St. Louis, MO, USA). Acetone (Sigma Aldrich, St. 
Louis, MO, USA) was the solvent chosen for ball milling to reduce the average particle 
size. An ammonium polyacrylate, Dolapix CE 64 (Zschimmer & Schwarz, Germany), 
was used as the dispersant; PEG 400 (poly (ethylene glycol); Sigma Aldrich, St. Louis, 
MO, USA) as the lubricant and humectant; and cold water dispersible c(methylcellulose; 
Dow Chemical Company, Pevely, MO, USA) as the binder. Both alumina paste and 
calcium carbonate paste have a viscosity around 200 Pa·s. 
3.2. DETERMINATION OF MAXIMUM OVERHANG ANGLE 
An experiment was conducted to find out the maximum angle of overhanging 
features that the CODE process is capable of printing without using support structures. In 
this experiment, a 55 vol% solids loading alumina paste was used. Several wedge-shaped 
parts with different overhang angles were identified as test parts. The process parameters 
in this experiment are listed in Table 1, whose values were determined and successfully 
implemented in previous studies [13].  As shown in Figure 2, the overhang did not start to 
collapse until the test parts with a 60° overhang were attempted. Hence, for the 55 vol% 
solids loading alumina paste, the maximum overhang angle for the CODE process was 
identified to be between 55° and 60°. Note that the limit of overhang angle may vary for 
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different part shape and process parameters. The wedge-shaped structure, compared to 
thin-wall and cylindrical structures, better represents the typical overhanging structure in 
AM processes. Hence, it was selected as a benchmark in this test. 
 
Table 1. Process parameters for wedge-shaped test parts. 
   Parameter Value 
   Nozzle diameter 610 µm 
   Layer thickness 400 µm 
   Distance between nozzle and build surface 0 
   Overall printing speed 20 mm/s 
   Number of perimeters 2 




Figure 2. Wedge-shaped test parts: (a)(d) CAD model, (b)(e) As-printed parts surrounded 
by oil, (c)(f) As-sintered parts. 
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3.3. PRINTING OF SAMPLE PARTS 
In this experiment, some sample parts which require support structures were 
fabricated to demonstrate the CODE system’s capability of fabricating 3D components, 
evaluate the dimensional accuracy of fabricated parts, and validate the feasibility of using 
CaCO3 paste as a support material.   
3.3.1. Simple-geometry Sample Part. A cuboid with rectangular through-holes 
was chosen as a sample geometry to evaluate the dimensional accuracy of parts 
fabricated by the CODE process. The CAD model and the printing process of the cuboid 
are shown in Figure 3. Five cuboid sample parts were fabricate using the process 
parameters in Table 1. The main structure infill density was 100% (i.e., solid), and the 
support structure was printed with 50% density. 
  
 
Figure 3. The cuboid part with rectangular holes: (a) CAD model, (b)(c) Part being 
printed, (d) Part printed completely and surrounded by oil. 
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3.3.2. Complex-geometry Sample Part. In addition to the sample cuboids, a 
turbine-blower housing with a relatively complex geometry (Figure 4) was printed to 
further validate the capability of the CODE process and the feasibility of the CaCO3 
support material. The same process parameters used for the cuboid samples were used in 
this experiment.   
 
 
Figure 4. Sample turbine-blower housing: (a) CAD model with main and support 
structures, (b) Part being printed, (c) Completely printed part surrounded by oil. 
 
3.4. POST-PROCESSING AND SUPPORT STRUCTURE REMOVAL 
After the parts were printed, the oil in the tank was drained and the parts were 
moved out of the tank with the substrate attached for post-processing, which includes 
bulk drying to eliminate the remaining water content inside the parts and oil on the parts’ 
surface, followed by debinding, decomposing of support material, and sintering.  
Bulk drying was done by placing the parts in an environmental chamber (LH-1.5, 
Associated Environmental Systems, Ayer, MA, USA), where the relative humidity and 
temperature were controlled at 75% and 25 °C, for 12 h. The high humidity in the 
chamber provided a low drying rate so that warpage and crack formation were avoided to 
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produce crack-free green parts. Once dried, the part was readily separated from the 
substrate.  
The green parts were then placed in a furnace (Deltech Inc., Denver, CO, USA), 
heated to 500 °C and held for 1 h to remove the binder content.  The parts were next 
heated to 1500 °C and held for 1 h for sintering. The main material, Al2O3, would be 
densified, while the CaCO3 support material was expected to decompose to form calcium 
oxide (CaO) and carbon dioxide (CO2) and then to be removed from the part by 
immersing in water or acid solution to dissolve CaO. However, after sintering, the sparse 
support structure was not seen and a translucent, melted material was observed at the 
location of the support structure. The melted material was believed to be calcium 
aluminate (mCaO·nAl2O3), the product of the reaction between CaO and Al2O3. 
Depending on the concentrations of CaO and Al2O3, the melting point of calcium 
aluminate varies between 1360 and 2570 °C [15].  Hence the calcium aluminate could be 
formed and melted at the 1500 °C sintering temperature. The reaction between CaO an 
Al2O3 consumed the main structure, and the produced calcium aluminate flowed after 
melting, damaging the sintered part. 
Knowing that the CaCO3 starts decomposing at 850 °C and the alumina green 
body starts densifying at 980 °C [16], a two-step sintering method was developed to 
prevent the formation of glassy calcium aluminate. The 1st step of sintering held the 
temperature at 500 °C  for 1 h for the purpose of debinding, then the furnace temperature 
was increased to 950 °C and held for 0.5 h to allow the CaCO3 to decompose. The 
furnace temperature was then increased to 1100 °C with a 1 h hold for sintering of Al2O3.  
At this point, partially densified Al2O3 and porous CaO structures were obtained. 
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Although not fully densified, the Al2O3 structures exhibited sufficient strength for safe 
removal of the support structures. The cooled part was then placed into hydrochloric acid 
or water for about 30 seconds to dissolve the CaO support. The 2nd step of sintering then 
followed by heating the part to 1500 °C with a 1 h hold to obtain the dense ceramic part. 
The above procedure is illustrated in Figure 5. Another sample part, the turbine-blower 
housing, was processed in the same manner and two photos of the sintered turbine-blower 
housing are shown in Figure 6. 
 
 
Figure 5. Two-step sintering and support structure removal: (a) Three parts in a furnace 
after 1st-step sintering, (b) Support structures being dissolved by hydrochloric acid or 




Figure 6. Final turbine-blower housing part after sintering. 
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4. PART CHARACTERIZATION AND DISCUSSION 
4.1. CHARACTERIZATION OF PARTS 
Key dimensions of the sample parts are provided on CAD models in Figure 7. 
Note that the dimensions D1, D2, D3 in Figure 7(b) are the outer diameters of the 
cylindrical features. The key dimensions were measured from the sintered parts and 
compared to the nominal values to evaluate the part shrinkage. 
 
Figure 7. CAD models: (a) Cuboid part, (b) Turbine-blower housing part, (c) Partial view 
of tool path for the horizontal cylindrical feature in (b). 
 
4.1.1. Characterization of Cuboid Sample Parts.  After the five cuboid parts 
were sintered, their key dimensions were measured. For each dimension in each part, six 
measurements were taken at random locations, and the mean values are provided in Table 
2, followed by the standard deviations. The corresponding shrinkage rates in the sintered 
parts comparing to the CAD model were calculated and listed under the standard 
deviation values. The overall mean values and average shrinkage rates comparing to the 
CAD model are given at the bottom of Table 2. The five parts are denoted by #1 - #5 in 
this table.  
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Table 2. Measurements for cuboid parts after sintering. 
















































































Shrinkage 16.1% 16.3% 17.6% 16.0% 15.1% 18.0% 
All 
Mean 33.6 25.1 20.4 13.5 10.2 8.2 
Shrinkage 16.0% 16.3% 17.6% 15.9% 15.3% 18.0% 
 
4.1.2. Characterization of The Turbine-blower Housing Part. The key 
dimensions of the turbine-blower housing part were measured after sintering. Each 
dimension was measured at ten random locations. The measured data are presented and 
statistically summarized in Table 3. The bulk density of the part was determined by 




Table 3. Measurements for turbine-blower housing part after sintering. 
Measurements H1(mm) H2(mm) D1(mm) D2(mm) D3(mm) 
1 25.6 4.2 29.4 17.0 63.8 
2 25.7 4.2 29.3 17.5 63.7 
3 25.7 4.2 29.3 17.6 63.7 
4 25.6 4.3 29.2 17.6 63.7 
5 25.5 4.3 29.2 17.7 63.7 
6 25.5 4.3 29.2 17.8 63.7 
7 25.4 4.3 29.2 17.8 63,7 
8 25.5 4.4 29.4 17.8 63.7 
9 25.5 4.4 29.3 17.6 63.8 
10 25.5 4.3 29.3 17.5 63.8 
Mean 25.6 4.3 29.3 17.6 63.7 
Std. Dev. 0.09 0.07 0.07 0.23 0.05 
Shrinkage 18.1% 17.5% 15.9% 16.2% 15.0% 
Max. 25.7 4.4 29.4 17.8 63.8 
Min. 25.4 4.2 29.2 17.0 63.7 
 
4.2. DISCUSSION 
In Table 2, the standard deviations of the measured values for the six key 
dimensions varied between 0.3% and 1.3%, and the shrinkage rates of the five sintered 
final parts were in the range of 15-19%. In Table 3, the shrinkage rates of the five key 
dimensions on the sintered turbine-blower housing were also in the range of 15-19%. The 
diameters of two vertical cylindrical features, i.e., D1 and D3, have standard deviations of 
0.26% and 0.07%, respectively, indicating a good circularity of these two cylindrical 
features. The dimension D2 in Table 3 has a higher standard deviation (1.3%) than the 
other dimensions measured. This large variation is reasoned to be a result of the staircase 
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effect error due to CAD model slicing and layer building.  A partial view of the staircase 
effect on the horizontal tube-shaped feature which affected the D2 values is shown in 
Figure 7(c). The staircase effect error decreases as the nozzle diameter and layer 
thickness decrease. The nozzle diameter and layer thickness we used here are 610 µm and 
400 µm, respectively, as given in Table 1. The minimum line spacing and layer thickness 
that can be used in the CODE process for the alumina paste based on our experimental 
investigation is 150 µm and 100 µm, respectively.  
Further examination of the shrinkage rates of the dimensions in Tables 2 and 3 
reveals that the vertical dimensions, i.e., H, C in Tables 2 and H1, H2, D2 in Table 3, 
exhibit higher shrinkage rates than the horizontal dimensions. The anisotropic shrinkage 
is probably caused by the effect of gravity during drying and sintering. However, further 
evidence is required to confirm this conjecture.  
The relative density of CODE fabricated ceramic parts with a rectangular shape 
was determined to be 98% in our previous studies [12,13]. In the current study, the 
relative density of the sintered turbine-blower housing was determined to be 97.5%. The 
fabrication of a geometrically complex part such as this housing consisting of numerous 
extrusion starts and stops would have been expected to have a decreased density 
compared to simple geometries. However, the density of the turbine-blower housing in 
this study was essentially the same as the density of the simple- shaped part, indicating 
precise control of paste extrusion in the CODE process.  
From the above results, the CaCO3 paste has been validated as a sacrificial 
support material in the CODE process, and it can be readily removed by dissolving in 
acid or water. For the fabricated Al2O3 parts, two-step sintering is needed for support 
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structure removal. Compared to other potential sacrificial materials such as wax, 
thermoplastic, and light curable polymer, a major advantage of using CaCO3 as sacrificial 
material is that no auxiliary devices such as a heating, light curing or freezing apparatus 
are required. 
 
5. CONCLUSION  
 
A method of fabricating ceramic components by the Ceramic On-Demand 
Extrusion (CODE) process with the use of sacrificial support material has been 
developed. Calcium carbonate (CaCO3) was identified as a sacrificial material. 
Geometrically simple and complex sample parts were successfully fabricated using Al2O3 
as the main material and with CaCO3 as the support material.  
A support material removal process was developed by using two-step sintering. 
The CaCO3 support material was removed by dissolving in acid solution or water after 
the 1st-step sintering at 1100 °C, and then the parts went through the 2nd-step sintering at 
1500 °C to obtain the dense ceramic parts. A geometrically complex Al2O3 turbine-
blower housing achieved 97.5% relative density after the 2nd-step of sintering.  
The dimensional shrinkage rates for the sintered parts compared to the CAD 
model were in the range of 15-19%. The shrinkage in the vertical direction was higher 
than that on the horizontal plane. The two vertical cylindrical features of the Al2O3 
turbine-blower housing fabricated by the CODE process had standard deviations of 
0.26% and 0.07% in diameter, and the horizontal cylindrical feature had a standard 
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IV. FABRICATING FUNCTIONALLY GRADED MATERIALS BY CERAMIC 
ON-DEMAND EXTRUSION WITH DYNAMIC MIXING 
ABSTRACT 
Ceramic On-Demand Extrusion (CODE) is an extrusion-based additive 
manufacturing process recently developed for fabricating dense, functional ceramic 
components. Presented in this paper is a further development of this process focusing on 
fabrication of functionally graded materials (FGM). A dynamic mixing mechanism was 
developed for mixing constituent ceramic pastes, and an extrusion control scheme was 
developed for fabricating specimens with desired material compositions graded in real 
time. FGM specimens with compositions graded between Al2O3 and ZrO2 were 
fabricated and ultimately densified by sintering to validate the effectiveness of the CODE 
process for FGM fabrication. Energy dispersive spectroscopy (EDS) was used to compare 
final compositions to the original material designs. The specimen’s hardness at different 
locations along the gradients was examined by micro-indentation tests. The dimensions 
of sintered specimens were measured, and the effects of material composition gradients 




Several additive manufacturing (AM) processes have been developed for 
ceramics and glasses, including binder jetting [1], [2], material extrusion [3]–[8], vat 
photopolymerization [9], [10], powder bed fusion [11, 12], and directed energy 
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deposition [13–15], among others. Ceramic On-Demand Extrusion (CODE) [7] is a 
recently developed paste extrusion-based AM process, which produces ceramic 
components with near theoretical density (>98%) after sintering [4, 16–18]. It deposits 
high solids loading (>50 vol%) aqueous ceramic pastes onto a substrate layer by layer at 
room temperature. Each deposited layer is partially solidified by uniform infrared 
radiation drying from above before the subsequent layer is initiated. At the same time, 
undesirable evaporation from the sides of the part is prohibited by surrounding the part 
with a liquid [7]. This layered uniform radiation drying approach minimizes the moisture 
content gradient in the part during the fabrication process and thus enables CODE to 
produce crack-free ceramic parts. The printed parts are then bulk-dried in a controlled 
environment with appropriate humidity, after which the green bodies are sintered to 
produce near-theoretical density parts [16–18].  
Functionally graded materials (FGM) are characterized by gradual variations of 
material compositions over volumes, which allows for a combination of materials or 
material properties not typically achievable in monolithic materials [19]–[22].  
Alumina/zirconia (Al2O3/ZrO2) FGM components have been of great interest, mainly to 
enhance the fracture toughness through the incorporation of a partially stabilized ZrO2 
phase. One potential application is the prosthetic hip joint ball [22, 23], where the FGM 
realizes the transition from a tough ZrO2 core, which provides the high strength of the 
hub structure and reduces the risk of cracking, to a more wear-resistant Al2O3 ball 
surface, which guarantees a long service life in a human body. Additive manufacturing 
(AM) processes are especially advantageous for fabricating FGM components due to the 
layer-by-layer nature of the processes. Considering that the melting temperatures of 
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ceramics are usually too high for thermal-based melt deposition and the fact that the ink 
jetting-based ceramic AM processes are subject to high porosity [20], material extrusion-
based AM processes are the most favorable method for fabricating ceramic FGM 
components [20].  
The present paper introduces a dynamic mixing device to the Ceramic On-
Demand Extrusion (CODE) system for fabricating FGM specimens. Two distinct 
materials were extruded through separate extruders into the mixing chamber of the 
dynamic mixer with controlled flow rates. The pastes were then blended by the dynamic 
mixer to produce a homogenous mixture and finally deposited through nozzles to 
fabricate FGM specimens with planned material compositional distribution. The FGM 
specimens were post-processed and characterized to validate the functionality and 
accuracy of the dynamic mixing device. Deformation was observed on the sintered 
specimens. The effects of material composition gradients on the deformation of sintered 
FGM specimens were analyzed.  
 
2. EXPERIMENTAL SETUP  
 
The CODE fabrication system consists of a cartesian gantry system, an extrusion 
device mounted on the gantry and capable of extruding viscous ceramic pastes at 
controlled flow rates, an oil feeding device to regulate the oil level in the tank, and an 
infrared radiation heating device capable of positioning the infrared source and providing 
on/off control. Introduction and details of the CODE fabrication system were presented in 
previous papers [4, 7, 24]. In the present work, the CODE system was configured to 
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deposit a mixture of two materials using a dynamic mixing tool head consisting of two 
auger extruders and a dynamic mixer. The two auger extruders were controlled separately 
to extrude two different pastes at independent flow rates. As shown in 
Figure 1(a), the two pastes are extruded through the inlets into the dynamic mixer. 
As the two pastes passed through the mixing chamber, a motor-driven mixing blade 
blended the distinct pastes to produce a homogenous mixture, which was then deposited 
through the outlet to form a 3D part. The actual components and layout of the dynamic 
mixing tool head are shown in Figure 1(b). 
 
 
Figure 1. Dynamic mixing tool head of the CODE system. (a) Schematic of the dynamic 
mixer, (b) The actual dynamic mixing tool head mounted on the CODE system.  
 
3. FABRICATION OF FUNCTIONALLY GRADED MATERIALS 
3.1. PREPARATION OF PASTES 
Aqueous Al2O3 pastes and ZrO2 (3Y) pastes were prepared as the feedstock 
materials. The composition of the pastes and detailed steps of paste formation can be 
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found in previous studies [16, 17]. The ZrO2 pastes were prepared to have 50 vol% solids 
loading. Considering the shrinkage of components during the bulk drying process and the 
sintering process, the Al2O3 pastes were also adjusted to have 50 vol% solids loading, 
expecting to minimize the mismatch of shrinkage between the two materials, and hence 
minimize the distortion of the FGM specimens during sintering. In order to visualize the 
material variation in the printed specimens, the white Al2O3 pastes and ZrO2 pastes were 
colored green and pink, respectively, using FD&C Yellow 5 & Blue 1 and FD&C Red 40 
dyes.  
3.2. PRINTING SINGLE-BEAD LINES WITH GRADED MATERIALS 
To test the capability of the dynamic mixing tool head to build parts with graded 
materials and examine the response of changing material composition, a single-bead 
serpentine shape was printed using both the ZrO2 paste (pink) and the Al2O3 paste 
(green). The ZrO2 and Al2O3 pastes were extruded by extruders A and B, respectively. As 
shown in Figure 2, the dynamic mixing tool head was first loaded with ZrO2 paste and 
was then commanded to switch to Al2O3 paste by turning off extruder A and turning on 
extruder B at location 1. The serpentine shape was printed from location 1 to location 5, 
during which the dynamic mixing tool head was commanded to switch between ZrO2 and 
Al2O3 at locations 2, 3, and 4. The mixing blade was spinning at 900 rpm during the 
entire printing process. As expected, the change in material didn’t take place immediately 
after receiving the control commands at locations 1-4. Instead, a delay was observed 
before the printed line changed color.  
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Figure 2. A single-bead serpentine printed using dynamic mixing device with graded 
materials (pink: ZrO2, green: Al2O3). The mixing blade was spinning at 900 rpm during 
the entire printing process. 
 
4. DETERMINING THE DELAY OF CHANGING MATERIAL COMPOSITION 
 
The dried serpentine shaped specimen is shown in Figure 2 and Figure 3(a). The 
colors in Figure 3(a) indicated that the material composition changed periodically in four 
cycles as commanded. The pattern of material color change was similar in each cycle, 
indicating that the delay in composition transition was repeatable.  Other than observing 
the material composition variation visually by color, EDS was also utilized on sintered 
specimens to obtain detailed measurements of composition at locations of interest. As 
shown in Figure 3(b), 42 locations of interest in cycle 1 were selected for EDS 
measurements. Locations 1 and 42 were the starting and ending locations of cycle 1, i.e., 
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the locations where the tool head was commanded to switch from one material to another. 
The EDS measurements were taken at the surface of the specimen. At each location, the 
EDS measurement covered three areas of ~ 120 µm by 120 µm. The percentages of Al 
atomic counts over the total atomic counts of Al, Zr, and Y of the three sampling areas 
for all locations are plotted in Figure 3(c). According to the graph in Figure 3(c), after the 
command to change material was received at location 1, the actual material composition 
started to change at location 7, and gradually transitioned to the desired material 
composition (100% Al2O3). Location 38 was determined as the location where the 
transition of composition was completed. The stable material composition between 
locations 1 and 7 was characterized as the result of purging out the residual ZrO2 paste in 
the material outlet (shown in Figure 3 (a)). The volume of paste being deposited between 
locations 1 and 7 was termed the ‘delivery delay’. On the other hand, the volume of paste 
being deposited between locations 7 and 38 was termed the ‘transition delay’, which was 
related to the propagating behavior of the paste streams in the flow path of the mixer, and 
the volume of the flow path. The delivery delay and the transition delay made up the total 
delay when changing material composition, and their volumes were quantified as 0.12 
mL, 0.36 mL, and 0.48 mL, respectively. As expected, the delivery delay (0.12 mL) was 
equal to the volume of the material outlet of the mixer. In the practice of printing laminar 
FGM samples, the total delay (Vdelay) was considered in the control scheme, and proper 
compensation was made to precisely deposit materials with desired compositions. 
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Figure 3. (a) Four cycles of the printed serpentine. (b) 42 sampling locations for EDS test 
on cycle 1 of the serpentine.  (c) The atomic percentage of Al measured by EDS at 
different locations. 
 
5. FABRICATING LAMINAR Al2O3/ ZrO2 FGM SPECIMENS 
 
To examine the ability of the dynamic mixing tool head to accurately control the 
material composition, and to study the drying and sintering behavior of bulk FGM 
specimens, three groups of laminar FGM specimens graded from Al2O3 to Al2O3/ZrO2 
(50/50) were fabricated. Each group had three samples with different material gradients. 
The material gradient for the three types is shown in Figure 4. Type 1 had a 5 vol% 
increment of ZrO2 every layer and hence grads from Al2O3 to Al2O3/ZrO2 via ten steps 
through 11 layers. Type 2 had a 10 vol% increment of ZrO2 every two layers hence 
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changes from Al2O3 to Al2O3/ZrO2 via five steps through 11 layers. Finally, Type 3 was 
changed from Al2O3 directly to Al2O3/ZrO2 at the 6th layer of the 11-layer sample. All the 
FGM specimens were designed to have identical dimensions (70×20×6.6 mm3) and 
numbers of layers to ensure a fair comparison of potential part deformation after 
sintering.  
 
Figure 4. Design of material composition distribution in three types of FGM specimens. 
 
Considering the significant delay (Vdelay = 0.48 mL) to the change in composition 
discussed in the previous section, each time a change of composition in a new layer was 
required, an additional purging process was conducted before the new layer was started. 
In the purging process, the dynamic mixing tool head was commanded to move out of the 
building substrate, extrude two pastes at predetermined flow rates for a certain volume 
Vpurge until the materials at the nozzle tip reached the desired steady composition (Vpurge ≥ 
Vdelay), and was finally moved back to the building substrate to start the new layer. The 
entire printing and purging process was fully automated by G-Codes. A Vpurge of 0.5 mL 
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was used in this experiment. The printed FGM specimens were bulk dried in an 
environmental chamber for 12 hours where the temperature was controlled at 24°C and 
the relative humidity at 75%, then fired at 500°C for 1 hour to burn out the organic 
constituents including binder and dyes, and finally sintered at 1500°C for 1 hour for 
densification. The sintered specimens were characterized, and the result is presented in 
the following section. Figure 5 shows the printing process of an FGM specimen and dried 
FGM specimens of three types. 
 
Figure 5. (a) A laminar Al2O3/ZrO2 FGM specimen being printed using the dynamic 
mixing tool head. (b) (c) (d) A group of laminar Al2O3/ZrO2 FGM specimens printed and 
dried. 
 
6. RESULTS AND DISCUSSION 
6.1. ACCURACY OF MATERIAL COMPOSITION CONTROL 
Two sintered FGM specimens from Type 1 were cut, and ground from the side for 
~ 4 mm to reveal the inner cross-section as illustrated in Figure 6(b), then polished down 
to a 0.25-micron finish and coated with gold/palladium for EDS measurements. For all 11 
layers in the two specimens, EDS intensity measurements were taken over three regions 
with aproximately120 µm by 120 µm areas. The ratio of Al peak vs. Zr peak, as well as 
the SEM images of two example layers, are shown in Figure 6(c)(d). The dark (Al2O3) 
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and bright (ZrO2) phases in the SEM images show a homogeneous distribution of the two 
materials.  
 
Figure 6. (a) A photo of a dried (not sintered) FGM specimen of Type 1, and a close-up 
view showing a color change of its layers. (b) Schematic showing the cross-section where 
EDS measurements were taken. (c) (d) EDS peaks and SEM images taken from layer 11 
and 6 of the specimen.  
 
The mean values of the measured atomic percentage of Al for layers 1-11 were 
plotted in Figure 7 by the solid line. Based on the designed volume ratio of the Al2O3 and 
ZrO2 pastes, the solids loading of two pastes, density and molecular weight of the two 
materials, the nominal atomic percentages of Al in all layers were calculated and plotted 
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in Figure 7 by the dashed line. The average error between the measured value and 
nominal value was 1%, and the maximum discrepancy was 2%, indicating good accuracy 
of the dynamic mixing tool head for controlling material composition.  
 
Figure 7. The atomic percentage of Al of each layer in the sintered FGM specimens. 
 
6.2. DEFORMATION OF SPECIMENS 
After sintering, the three groups of colored Al2O3/ZrO2 specimens turned white 
since the organic dyes burned out during the firing process. Curling and delamination 
were observed in the sintered specimens. In order to quantify the deformation of each 
specimen, as shown in Figure 8, the specimens were flipped on a flat substrate to measure 
the heights at their center and two ends, from which the curling angles were calculated 
for every specimen. The quantified deformation of all FGM specimens is reported in 
Table 1. 
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Figure 8. One group of FGM specimens after sintering, deformation, and failure were 
observed. 
 
Table 1. Quantified deformation (curling angle) of each FGM specimen after sintering. 
Grading Step 
Curling Angle  
Group 1 Group 2 Group 3 
5% (Type 1) 2.7° 2.3° 2.9° 
10% (Type 2) 3.6° 3.8° 3.7° 
50% (Type 3) 4.9° (cracked) delaminated delaminated 
 
6.3. VICKERS HARDNESS 
A sintered FGM specimen from Type 2 was cut, ground and polished in a similar 
way illustrated in Figure 8(b). Micro-indentation tests were performed at layers with 
different material compositions following ASTM C1327 standard [26]. For each layer 
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with different compositions, five indentations were performed at different locations, and 
the mean values of Vickers hardness are presented in Table 2, as well as their standard 
deviations. 
 
Table 2. Vickers hardness of layers with different composition of Al2O3/ZrO2 in an FGM 
specimen. 
Layer 
Volume ratio  
of Al2O3 vs. ZrO2  
Vickers Hardness (GPa) 
Mean Standard Deviation 
10-11 50%:50% 15.0 0.31 
8-9 60%:40% 16.0 0.23 
6-7 70%:30% 16.3 0.14 
4-5 80%:20% 16.9 0.41 
2-3 90%:10% 17.5 0.28 




Due to the delay of changing material composition using the dynamic mixing tool 
head, time and material waste are introduced to the printing of laminar FGM specimens 
when pastes are purged out before they reach a desired stable composition for a new 
layer. Moreover, the transition delay also limits the accuracy of controlling the in-plane 
gradient of composition in one layer. Minimizing the delay is always desirable for 
fabricating FGM components. The key point of minimizing the delay is to reduce the 
volume of the flow path. However, tighter flow path leads to an increase of back 
pressure, which requires higher extrusion pressure, especially for highly-viscous ceramic 
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pastes. In addition, the fabrication of micro-sized mixing blades and flow paths is also 
challenging. A trade-off between the fast transition of composition and equipment 
investment is necessary, which will be investigated in the future, as well as the overall 
design of the dynamic mixer.   
According to Figure 8 and Table 1, as the step of changing composition increased, 
the amount of deformation of the sintered FGM specimen increased until structural 
failure (cracking and delamination) took place. Although less significant, a similar trend 
of deformation was also observed on the FGM specimens after they were bulk dried, as 
shown in Figure 5(b)(c)(d). The deformation occurred during the bulk drying process 
indicated a mismatch in drying shrinkage of the two pastes. Since the two pastes had the 
same (50 vol%) solids loading, the difference in shrinkage was believed to be caused by 
the different packing density of the particles in the two pastes after they were dried. On 
the other hand, the deformation occurred during the sintering process was believed to be 
caused by the mismatch of sintering shrinkage and thermal expansion of Al2O3 and ZrO2. 
Larger differences in material composition between layers lead to larger stresses caused 
by the mismatch of material properties, which explains the fact that the larger step of 
changing composition led to larger amounts of deformation. A smoother (reduced) 
gradient of material composition is likely to reduce the amount of deformation and the 
risk of part failure. Adjusting the inherent properties of the raw materials to reduce the 
mismatch of shrinkage could be another effective way of mitigating the stress and 
deformation. For example, according to the study of Sun et al. [27], adjusting the particle 
size distribution of the Al2O3 and ZrO2 powders could contribute to matching the 
shrinkage of layers with different Al2O3/ZrO2 ratios in the FGM specimens.   
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SEM images taken at the cross-section of the FGM specimens, of which two 
example images are shown in Figure 6, demonstrated a high homogeneity of the mixed 
Al2O3 and ZrO2 phases. Vickers hardness reported in Table 2 demonstrated a clear trend 
of decreased hardness as the ZrO2 concentration was increased. The hardness values were 
in good agreement with data reported from other literature [27–29]. The hardness 
measurements at different locations for each composition were highly consistent 
according to their standard deviations, which is further evidence that the Al2O3 and ZrO2 




A dynamic extrusion-mixing device was developed for fabricating functionally 
graded materials (FGM) by the Ceramic On-Demand Extrusion process. The 
effectiveness of this device was validated by fabricating FGM specimens graded from 
pure Al2O3 to Al2O3/ZrO2 with predetermined material gradients. The FGM specimens 
were sintered at 1500 °C and the material composition of each layer in the sintered FGM 
specimens was validated by measuring the atomic percentage of Al and Zr by energy 
dispersive spectroscopy (EDS) and compared to the original design of compositions. A 
1% average error of material composition was observed from the comparison. 
Deformation was measured on the dried and sintered FGM specimens. Greater material 
composition gradients led to larger deformation of specimens. The Vickers hardness 
decreased from 18.4 GPa to 15.0 GPa as the volume percentage of ZrO2 increased from 0 
to 50 vol% in Al2O3/ZrO2 layers. 
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A freeform extrusion fabrication process for producing ceramic parts, called 
Ceramic On-Demand Extrusion (CODE) was recently proposed. Further investigation 
and development of the CODE process are presented in this dissertation. To improve the 
fabrication precision of freeform extrusion fabrication process, Extrusion-On-Demand 
methods based on ram extruder, shutter valve, and auger extruder were first investigated 
for high solids loading ceramic pastes. Advantages and disadvantages of each method 
were discussed, and tentative guidelines for selecting the extrusion mechanism were 
given. The auger extruder was determined as the most suitable extrusion mechanism for 
high solids loading ceramic pastes.  
A novel CODE fabrication system was built, auger extruders were integrated into 
the system.  To examine the capabilities of the CODE process and fabrication system, 
ZrO2 specimens were fabricated and characterized. A relative density of 99.1%-99.5% 
was achieved. The mechanical properties of parts were extensively studied. These 
properties surpass those produced by most other additive manufacturing processes and 
match those produced by conventional fabrication techniques. 
A method of fabricating ceramic components by the Ceramic On-Demand 
Extrusion (CODE) process with the use of sacrificial support material has been 
developed. Calcium carbonate (CaCO3) was identified as a sacrificial material. 
Geometrically simple and complex sample parts were successfully fabricated using Al2O3 
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as the main material and with CaCO3 as the support material. A support material removal 
process was developed by using two-step sintering. The CaCO3 support material was 
removed by dissolving in acid solution or water after the 1st-step sintering at 1100 °C, 
and then the parts went through the 2nd-step sintering at 1500 °C to obtain the dense 
ceramic parts.  
A dynamic extrusion-mixing device was developed for fabricating functionally 
graded materials (FGM) by the Ceramic On-Demand Extrusion process. The 
effectiveness of this device was validated by fabricating FGM specimens graded from 
pure Al2O3 to Al2O3/ZrO2 with predetermined material gradients. The FGM specimens 
were sintered at 1500 °C and the material composition of each layer in the sintered FGM 
specimens was validated by measuring the atomic percentage of Al and Zr by energy 
dispersive spectroscopy (EDS), and compared to the original design of compositions. A 
1% average error of material composition was observed from the comparison. 
Deformations were measured on the dried and sintered FGM specimens. Greater material 
composition gradients led to larger deformations of specimens. The Vickers hardness 
decreased from 18.4 GPa to 15.0 GPa as the volume percentage of ZrO2 increased from 0 
to 50 vol% in Al2O3/ZrO2 layers. 
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3. RECOMMENDATIONS FOR FUTURE WORK 
 
Although the mechanical properties of parts produced by the Ceramic On-
Demand Extrusion (CODE) process made of several materials have been extensively 
studied, there are many other ceramics, as well as metals which need to be studied [84] 
[85], and examine their properties. In fact, CODE is still in its fledgling stage, and many 
more studies need to be done to fully establish the process. 
More alternatives to the support materials need to be developed. Although the 
CaCO3 paste proposed in paper Ⅲ was proven to be a suitable material, however, a 
tedious two-step sintering was needed due to the incompatibility between CaCO3 and 
Al2O3 at the sintering temperature. Sacrificial materials that can be removed before the 
firing process can avoid the cofiring of support and main materials [88]. Moreover, the 
CaCO3 paste must be prepared with proper solids loading so that it matches the shrinkage 
of the main material during the drying and cofiring process to avoid cracking, this issue 
could also be addressed by identifying alternative fugitive materials. 
 The dynamic mixing device introduced in paper Ⅳ demonstrated the capability 
of fabricating FGMs with accurate control of materials composition. However, 
optimization or the design of the mixing device can be expected to reduce the materials 
transition delay and hence increase the resolution of a varying materials composition. An 
in-depth study of the sintering process of FGMs is needed.  Finally, an advanced control 
scheme needs to be developed to fabricated FGM specimens with complex material 
distribution. Fabrication of FGMs with other materials including metals can be studied 
using this device.  
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